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Physical factors in the environment of a cell regulate cell function and 
behavior and are involved in the formation and maintenance of tissue. There is strong 
evidence that substrate rigidity plays a key role in determining cell response in culture. 
Previous studies have demonstrated the importance of rigidity in numerous cellular 
processes including migration and adhesion and stem cell differentiation. Immune cells 
have been shown to respond differently to surfaces having different rigidities. Atypical 
response to rigidity is also a characteristic of cancerous cells. Understanding the 
mechanisms that support cellular rigidity sensing can lead to new tissue engineering 
strategies and potential new therapies based on rigidity modulation. 
A new technique was developed for the creation of biomimetic surfaces 
comprising regions of heterogeneous rigidity on the micro- and nanoscale. The surfaces 
are formed by exposing an elastomeric film of polydimethylsiloxane (PDMS) to a 
focused electron beam to form patterned regions of micro- and nanoscale spots. This 
thesis involves the formation of theses surfaces, characterization of their physical and 
chemical properties as a consequence of the electron beam exposure and investigation 
of how cells behave when plated on these surfaces.  
Cellular response to different patterns of heterogeneous rigidity is performed 
 for several cell types. Human mesenchymal stem cells plated upon electron beam-
exposed PDMS in a pattern of spots with diameters ranging from 2 µm to 100 nm 
display differential focal adhesion co-localization to the exposed features, depending 
on both rigidity and feature size. This behavior persists as the area of the exposed 
regions is reduced below ~1 µm. On spots with diameters of ~ 250 nm and smaller, 
focal adhesion co-localization is lost. This supports the notion that there is a length scale 
for cellular rigidity sensing, with the critical length in the range of a few hundred 
nanometers. 
When the heterogeneous rigidity surfaces are applied to CD4+ T cells, 
accumulations of proteins including TCR and pCasL on the exposed features are 
observed as a function of feature size. The pCasL appeared to significantly accumulate 
on 2 µm spots; For spots ~ 1 µm and below, cells appeared unable to identify the rigid 
regions. Further, Ca2+ release, a functional indicator of immunoresponse, is 
significantly enhanced on mixed-rigidity patterned PDMS relative to both soft and hard 
PDMS. Possible signaling pathways of TCR activation have been verified on e-beam 
exposed PDMS substrates with heterogeneous rigidity. These results are suggestive of 
possible new approaches to adoptive immunotherapy based on rigidity modulation. 
Studies on breast cancer cells indicate that on patterned substrates, sub-
cellular processes are also significantly modulated. Integrin recruitment is enhanced on 
the rigid regions. Understanding the role of geometry in cellular rigidity response will 
point the way toward revealing its functional response and will shed light on the 
mechanistic underpinnings of this process. 
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Chapter 1 Background and motivation 
 
1.1 Physical environment of cells 
Through billions of years’ evolution, cells have established broad strategies 
to interface with their environment that are indispensable for cell function and viability. 
A cell in the human body (or animal or plant) is not an isolated entity but has to 
constantly interact with other cells, as well as with the extracellular matrix (ECM) and 
other entities in order to maintain its shape, migrate towards certain directions, and 
initiate division and differentiation. Aside from chemical cues and soluble molecules, 
cells can sense and respond to a whole set of physical factors, including surface 
topography, rigidity, external force, and geometry of the environment over time and 
space [1-3]. These interactions between cells and their physical environment can 
subsequently activate signaling pathways, which can lead to the regulation of cell 
behavior and function. 
Extensive research has been conducted to investigate the relationship 
between a cell and its physical environment, especially focusing on elucidating the 
process of mechanotransduction and developing new methods to manipulate cell 
behaviors. For example, Dalby et al demonstrated that human fibroblasts can sense 
sharp topography features with height of 10 nm [4, 5]. Also, 3T3 mouse fibroblasts have 
been observed to migrate towards places with higher topographical contacts [6]. Kim 
et al cultured human epithelial cells on pillar and pit substrates and observed 
preferential growth directions and heterogeneous distribution as a result of the concave 
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and convex corners of the features [7]. In addition to topography and geometry, surfaces 
with engineered rigidity have been utilized to guide the naïve mesenchymal stem cell 
differentiation. Neurons, myocytes and osteocytes have been obtained on soft, 
intermediate and rigid matrices, which mimic the rigidities of the corresponding tissues, 
respectively [8]. Mechanical forces from cell-cell interactions also regulate cellular 
functions. B cells will generate high-affinity antibodies in response to mechanical stress 
between B cells and antigen-presenting cells by mechanically testing the strength of 
antigen-antibody binding [9]. Matthews et al showed that an external force of 130 pN 
on integrin can trigger the cytoskeletal rearrangements of endothelial cells, increasing 
their stiffness [10-12]. Through the study of how cells respond to the physical 
environment, new techniques and tools can be developed to establish tissue engineering 
strategies for wound healing, regenerative medicine and potential new therapies for 
treating various kinds of diseases.  
Among those physical factors, rigidity is the main focus of this thesis and will 
be discussed in detail in the following sections.  
 
 
1.2 Rigidity sensing for different cellular systems 
Rigidity is the stiffness or inflexibility of an object - the extent to which it 
resists deformation in response to an applied force [13] or an imposed movement. The 
entire spectrum of physiological tissue and bone stiffness ranges from ~50 Pa to tens of 
GPa (Figure 1. 1) [14]. Cells sense and respond to the rigidity of ECMs [2, 3, 15-25], 
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by the movement and contractility of the lamellipodia protrusions, and then apply 
cytoskeletal and traction forces through integrin receptors on the surrounding matrix [3, 
23, 26-30]. This process involves the recruitment of multiple mechanical sensing 
proteins, biochemical elements and downstream signaling pathways and requires the 
integration of signals over a time period, which subsequently results in the regulation 
of cell behaviors including early adhesion, migration, morphological changes, gene 
expression, etc.  
 
Figure 1. 1 Range of tissue rigidities in the body 
 
In many physiological and pathological processes, irregular rigidity of the 
microenvironment, and especially a local increase in rigidity, may cause medical 
disorders and diseases [31]. The increased stiffness of infarcted myocardium in the 
post-infarction remodeling process may lead to heart failure, so any intervention that 
could soften infarct area, such as cell transplantation or mesenchymal stem cell 
injection, could improve healthy remodeling [32-37]. The increased rigidity of 
extracellular matrix may increase the invasion of cancer cells [38-40], such as breast 





1.2.1 Rigidity directs mesenchymal stem cell differentiation  
Mesenchymal stem cells (MSCs) have stimulated great interest, particularly 
for regenerative medicine [41] since they can differentiate into multiple specific 
lineages, including neurons [42, 43], endothelial cells [44-46], skin epithelia [47-49], 
adipocytes, myocytes, osteocytes, and endometrial cells [50, 51]. The possibility of 
immune self-rejection could be minimized by using the MSCs derived cells from the 
same patient. The strategies and methods directing MSCs differentiation to acquire 
targeted tissue cells require high efficiency in culture that MSCs can be induced to 
differentiate to the desired lineage under control [41, 46, 47, 52-55]. It has been shown 
that micro-environment rigidity can direct MSCs lineage specification for efficient 
therapy [8, 41, 56-58].   
Researchers often use the elastic modulus, E, to quantify the stiffness of the 
substrate. In a physiological environment, the elastic modulus of MSCs can range from 
0.1 to 100 kPa [8]. Substrates with E in the range of < 4 kPa, 8-17 kPa, and >25 kPa 
are defined as soft, medium and hard rigidity surfaces. Soft and collagen-coated gels 
can mimic brain elasticity (0.1-1 kPa) [59] and majority of MSCs adhering on these 
soft substrates differentiate to neurons after 1 week [59]. Adipocytes are derived from 
MSCs on the substrates that mimic the native stiffness of adipose tissue (2 kPa) [60, 
61]. Medium rigidity (8-17 kPa) matrices that mimic muscle tissue environment result 
in C2C12 myocytes after MSCs differentiation [62] while osteogenic cells can be 
obtained on hard rigidity substrates (25-40 kPa) [8, 63, 64].  
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1.2.2 Rigidity affects T cells activation and proliferation  
T cells are a type of lymphocytes (a subtype of white blood cell) produced or 
processed by the thymus gland [65] and are active participants in the immune response 
process. There are many different types of T cells in the body, including helper, killer, 
memory, suppressor and natural killer T cells, whose functions are highly diverse. A 
typical immune response may be initiated when a naïve T cell recognizes a foreign 
antigen on antigen presenting cells, which triggers the activation pathways and 
subsequently lead to the differentiation and proliferation of naïve T cells into effector 
and memory T cells. T helper cells (CD4) secrete cytokines which activate more naïve 
T cells and assist other immune cells such as B cells and nature killer cells in the 
immune system. T killer cells (CD8) directly destroy virus-infected cells. Effector T 
cells, including helper, killer and suppressor T cells, are short-live cells which will die 
after the immune response subsides, while memory T cells survive long after in an 
inactive state. They can be quickly re-activate and expand to a large number of effector 
T cells (either CD4 or CD8) upon the re-encountering of similar infections. The detailed 
mechanism of T-cell activation remains a subject of continued study, and a single 
misregulation in the activation pathway could lead to lethal autoimmune diseases such 
as HIV and multiple sclerosis. 
Taking advantages of patient’s own immune system, a new type of cancer 
therapy, termed “adoptive immunotherapy,” is currently being developed in order to 
harness the innate immune system to fight cancer. The autologous immune system 
normally cannot properly respond to cancer because cancer cells come from the 
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patient’s body itself. One approach to adoptive immunotherapy involves harvesting a 
patient’s own naïve T cells, rationally modifying and activating them, and then 
proliferating the differentiated subsets of T cell in vitro. These are then reintroduced to 
the patient’s bloodstream, where they can effectively attack the disease [66-76]. A 
typical treatment of this type of adoptive immunotherapy would include following steps: 
1) T cells are isolated from patient’s blood; 2) gene expression of isolated naïve T cell 
is modified to present new chimeric antigen receptors (CARs) on the membrane, 
targeting cancer markers of a specific type of tumor cell [77, 78]; 3) modified naïve T 
cells are activated, proliferated and differentiated in vitro to obtain a large population 
of effector T cells [77, 78]; 4) finally, the engineered T cells are injected back to the 
patient [77, 78]. Compared with traditional chemotherapy, adoptive immunotherapy has 
already demonstrated more powerful efficacy [69, 70, 79, 80] with higher specificity 
and less rejection.  
A major challenge of adoptive immunotherapy is to efficiently activate, 
proliferate and differentiate the isolated naïve T cells in vitro. Conventionally, this is 
done by mixing T cells with microbeads presenting anti-CD3 and anti-CD28 on the 
surface and culturing them together with cytokines for about 10 days. However, the 
efficiency of the activation is sub-optimal, and the proliferation rate is low.  
Recently it has been demonstrated that substrate rigidity may play an 
important role in T-cell activation, proliferation and differentiation [81-84]. This may 
open new avenues for adoptive immunotherapy, possibly with better performance than 
current methods.  
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Different T cell phenotypes display distinctly different responses to rigidity 
[81-84]. Compared with stiff surface microbeads used in the conventional cell culture, 
anti-CD3/anti-CD28 coated PDMS substrate with lower rigidity (50-100 kPa) 
stimulated CD4 T cells to secret more IL-2, which is an indicator of activation level 
[84]. Tt has also been observed that CD4 T helper cells proliferate better on softer 
surfaces, whereas CD8 T killer cells prefer harder surfaces. This suggests that there may 
be new ways to control the differentiation of T cells using substrate rigidity [84].  
 
1.2.3 Breast cancer cell invasion and surrounding stiffness environment 
Cancer is well-known for its high death rates compared with other diseases. 
In 2016, 595,690 people are estimated to die from cancer in the United States [85]. 
Among them, 90% of the deaths are caused by metastases [86, 87] and breast cancer is 
one of the most common cancers with a high degree of invasive cases, in which cancer 
cells can transfer into other tissue, as compared to in situ cases, in which the cancer 
cells are confined to the primary tumor site [88]. It is therefore vital to investigate the 
invading mechanism of breast cancer cells and to explore factors that regulate the 
cancer cell growth and invasion.  
Tissue stiffness is considered to be highly connected to the cancer cell 
invasion [89, 90]. There is often a local increased stiffness of extracellular matrix 
surrounding the cancer tissue, so cancer is frequently diagnosed by physical palpation 
in clinical medicine [31, 91]. Experiments also show that by lowering the crosslinking 
level of collagen, which is a key component of the extracellular matrix surrounding 
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breast cancer cells, the occurrence rate of tumors is decreased and malignancy is 
hindered [92]. In a hydrogel matrix, whose rigidity can be adjusted to mimic the living 
environment of breast cancer cells the number of the breast cancer cell MCF-7 is 
observed to decrease with the reduction of the matrix rigidity [93]. 
 
 
1.3 Mechanisms involved in cellular rigidity sensing  
1.3.1 Focal adhesions 
Contact between a cell and its extracellular matrix is mediated via 
transmembrane proteins, called integrins, that bind to their ligands in the matrix. 
Accumulation of these initial contacts leads to the formation of supramolecular 
complexes known as focal adhesions, which are large (micron-scale) adhesive contact 
sites that connect the ECM to the intracellular actin network. The schematic of integrin-
mediated focal adhesions is shown in Figure 1. 2. Focal adhesions have a highly 
complex structures, comprising as many as 156 known components, termed integrin 
adhesome, and which are classified into adaptor proteins, cytoskeletal proteins, tyrosine 
kinases, adhesion proteins, transmembrane receptors, phosphatases and actin-binding 
proteins [94-96]. These integrin adhesomes coordinate with each other to forms a 
regulation network with up to 231 activation interactions and 98 inhibitory interactions 
[96]. The composition, dynamics, function and morphology of focal adhesions can be 
distinctly different within a single cell [97]. 
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Figure 1. 2 Schematic of the integrin-mediated focal adhesions  
The formation of focal adhesion begins with the binding of integrins to the 
ECMs. Integrins are a family of transmembrane receptors that have one α chain and 
one β chain, with one extracellular end binding to the specific motif or ligand on the 
ECM and the other cytoplasmic end linked to protein complexes comprised of integrin 
linked kinase, focal adhesion kinase, and actin binding proteins such as talin, vinculin 
and paxillin. When an integrin binds to the ECM, its conformation and affinity are 
altered, triggering the maturation of focal adhesion, which are divided into three stages, 






1.3.1.1 Immature focal adhesions (nascent focal adhesion and focal complex) 
Immediately after the integrin receptors bind with the ECM at the edge of 
lamellipodia, nascent focal adhesions form under the lamellipodia with an increasing 
number of integrins clustering; these have a short lifetime - on the order of seconds. 
The initial nascent contact is small, faint and highly transient, going through the fast 
turnover - either assembling or dissociating - activities. During the turnover of the 
nascent focal contacts, the adhesions are reinforced by protein recruitment [98, 99] and 
are almost immobile [100, 101]. These are the early cell-matrix contacts [102] that 
assemble anchoring focal complexes shortly thereafter. Beningo et al indicated that 
strong propulsive forces are generated at the nascent focal adhesion stage in the leading 
lamellipodia to drive cell migration, and this traction force diminishes during the 
following maturing process of focal adhesions [103, 104]. 
The assembly of nascent focal adhesion greatly depends on the retrograde 
flow of actin, which is evidenced by the prompt disappearance of the adhesion 
structures with the cytochalasin D treatment that depolymerizes the actin filaments and 
stops the retrograde flow [105, 106]. Dendritic actin filaments are polymerized for the 
consecutive protrusion extension at the leading edge of both lamellipodia and filopodia 
for a spreading and migrating cell, which leads to the actin flowing back towards the 
opposite, centripetal direction. Studies also indicate that the formation of nascent focal 
adhesions stimulates the transition of actin retrograde flow from fast to slow [106]. 
However, the mechanism for the association of nascent focal adhesions and actin 
filaments at the lamellipodium is still unclear.  
11 
Nascent focal adhesions grow into focal complexes by coordinating with the 
dendritic actin network between the boundaries of the lamellum and lamellipodium. 
Similar to a nascent focal adhesion, a focal complex is also a transient state which later 
either turns into mature adhesion or disassembles. The formation and maintenance of 
focal complexes depend on the contractile force generated by the acto-myosin 
machinery.  
The evolution of immature focal adhesion involves continual protein 
aggregation, the strength of which is reinforced by the components of the focal complex, 
including Rac1 regulatory modules. These adhesions are responsible for the 
stabilization of the protrusion extension [94, 95, 107]. Eventually, the immature 
adhesions bind to the actin filaments between the boundaries of lammellipodia and 
lamella, reorganize and assemble into mature focal adhesions.  
 
1.3.1.2 Formation of mature focal adhesions  
The structure of focal adhesion changes to an elongated, polar complex with 
a distal tip (“toe”) and a proximal end (“heel”) during the transition from a nascent 
adhesion to a mature focal adhesion [108]. Between the boundaries of a lamellipodium 
and lamellum, immature focal adhesions are growing along the centripetal direction 
with increased anchoring and traction forces in order to impede the actin retrograde 
flow [106, 109]. Microscopically, a bundle of actin filaments appears and connects with 
the adhesion complex. The connection is further enhanced by the continuing 
aggregation of adhesive proteins [110-112]. Myosin II and the F-actin cross-linker α-
12 
actinin are then recruited to cross-link the bundle [105, 113, 114]. Subsequently, the 
acto-myosin machinery generates contraction forces which activate transduction 
signaling pathways for the following growth of stress fiber and the formation of mature 
focal adhesions [115, 116]. When the mature focal adhesion forms, a new lamellum 
boundary appears between the newly formed lamellipodium and the old one [106]. The 
mature focal adhesions stop growing, remain anchored for up to tens of minutes [108] 
and finally, gradually disappear. 
The maturation of focal adhesion is characterized by the following features 
[108]: 1) the formation of mature focal adhesion necessarily depends on the regulation 
of myosin II, especially myosin IIA [105, 106, 117]; 2) consistent with the direction of 
actin retrograde flow, the growth and formation of mature focal adhesion is centripetal 
to the center of the cell [106]; 3) a bundle of stress fiber in the acto-myosin are growing 
at the proximal end of adhesions, also along the centripetal direction [113, 118]; and 4) 
the plaque protein zyxin is recruited in maturation, but is never found in nascent 
adhesions [119]. 
 
1.3.1.3 Cytoskeletal proteins involved in adhesion 
The cytoskeleton is a protein network which is the main mechanical structure 
of a cell. It has many functions which are crucial for cell viability and function, 
including maintaining cell shape, resisting mechanical deformation, anchoring 
organelles, actively deforming to enable cells to migrate and regulate cell division. 
There are three types of cytoskeletons differing in size and protein composition. Actin 
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filaments (F-actin) are composed of linear polymers of globular actin (G-actin), with a 
diameter of about 6nm. Intermediate filaments, with an average diameter around 10nm, 
are a family of different proteins sharing common structural and sequence features. 
Microtubules are cylinder structures with diameter of ~24nm, consisting of tubulins.   
Actin filaments are the main force conducting apparatus during the formation, 
growth and maturation of focal adhesions [120-122]. Actin filaments are present in 
three forms in focal adhesions: dendritic filaments and fibers in immature focal 
adhesion and bundles of fibers, which are also called stress fiber, in mature focal 
adhesion. One end of actin filaments connects to adhesive proteins such as talin and 
vinculin [105], which in turn bind to the ECM through integrins. The other end connects 
with myosins, a family of motor proteins. The combination of actin and myosin forms 
the basic force generating machine of focal adhesions, which is termed as acto-myosin.  
 
1.3.2 Connections between rigidity sensing and focal adhesions 
Similar to measurements of material stiffness, cell performs a stress-strain 
test to senses the rigidity of surrounding environment by focal adhesion. As discussed 
earlier, through a series of protein connections in focal adhesion, from integrin to 
adhesive proteins and to actin filament, the ECM is physically and mechanically linked 
to the motors, the acto-myosin machinery. Myosin moves stepwise along an actin chain 
with a constant displacement of ~ 2.5 nm for each step [123]. This displacement is 
transmitted through focal contacts and applied to the ECM. The force generated is then 
conducted back through the same structure into the cells to trigger mechanotransduction, 
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i.e., transformation of the mechanical signals into biological cues for downstream 
signaling [1]. 
There are three ways that a cell transfers force into biochemical responses: 1) 
unfolding of proteins; 2) formation of catch bonds; and 3) opening of ion channels. 
Force can lead to conformation changes of proteins - fibronectin and talin for instance. 
The unfolding exposes hidden (or cryptic) protein-binding sites, to which proteins such 
as kinases and phosphatases can selectively bind, activating subsequent pathways [124, 
125]. Catch bonds are the protein-interacting bonds, which have longer lifetimes with 
an increasing force. It has been demonstrated that catch bonds exist between integrins 
and their ECM ligands [126, 127], and rigid ECMs reinforce this linkage [12]. Force 
also can open certain ion channels to allow ions, such as Ca2+, K+, Na+, to pass through 
membranes. Munevar et al showed that force activated Ca2+ channels play a significant 
role in the regulation of mechanotransduction [128].   
Both constant displacement mode and constant force mode have been 
observed in cellular rigidity sensing [129]. In a recent study which utilizes PDMS 
pillars to mimic the rigidity of ECMs and monitoring the force and displacement during 
rigidity sensing, at early stages of focal adhesion, a constant 60 nm displacement with 
minimum step size of ~2.5 nm is applied by the cells to pillars, independent of stiffness 
[123, 129]. The total number of myosins involved in the movement and the 
concentration of diffusive signaling molecules are proposed to be functions of the 
substrate stiffness [129]. After the focal adhesion is mature and stress fibers are formed, 
a constant stress is exerted on pillars, which results in deformation of the substrate, 
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depending on the substrate stiffness [129].  
It is worth mentioning that rigidity sensing is a dynamic process. During 
mechanotransduction, the conformation of mechanosensing proteins can be actively 
switched “ON” and “OFF” [130-136]. Subsequent cellular response will induce 
additional mechanical signals, which will result in another cycle of rigidity response.  
 
 
1.4 Tools for probing cellular rigidity response 
An ideal tool to study cellular rigidity response would be a material or a 
structure that has tunable stiffness covering as broad a range of rigidities as possible 
while presenting minimum cytotoxicity. Such a tool will allow one to compare different 
types of cells on the same substrate and rationally adjust the rigidity to observe its 
relationship with cell behaviors while keeping the other parameters constant. Towards 
this goal, a series of material and structures with rigidity ranging from tens of Pa to 
hundreds of GPa have been developed and their interactions with cells have been 
systematically investigated.  
 
1.4.1 PDMS 
PDMS is a widely-used biocompatible elastomer, belonging to a group of 
polymeric organosilicon compounds known as silicones [137-140]. PDMS is optically 
transparent, low toxic, non-flammable and chemically inert, which matches the 
requirements for biological and medical applications. Different geometril configuration 
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of PDMS, including planar substrates, mircropillars and microwells, have been 
developed as rigidity sensing platforms. Also, PDMS composites, formed by blending 
the matrix with inorganic particles have been studied.  
 
1.4.1.1 PDMS films 
Planar PDMS surfaces provide a 2-D mechanical environment for culturing 
cells. Its rigidity can be controlled by the concentration of crosslinking agents, curing 
temperature and curing time. A higher ratio of the crosslinker agents to the prepolymer, 
higher baking temperature and longer baking time result in stiffer materials. For 
example, with curing time from 15 min to 3 days at 100°C, PDMS rigidity various from 
50-200 kPa (3% crosslinkers concentration), 200-800 kPa (5%) to 800 kPa-4 MPa 
(10%), respectively [141]. When the ratio of prepolymer to crosslinker ranged from 
50:1 to 5:1 and the PDMS films (>1mm thickness) was cured for 2 hours at 60°C, the 
rigidity varies from > 2 MPa (5:1) to 50-100 kPa (50:1) [84]. Connor et al showed that 
the rigidity of planar PDMS films influences the activation, proliferation and 
differentiation of T cells [84].  
 
1.4.1.2 PDMS with embedded nanoparticles 
A common method to modulate the elastomers rigidity is to embed the 
nanoparticles into PDMS matrix [142-145]. Through adjusting the concentration of 
embedded nanoparticles, the stiffness of composites can be controlled to increase the 
stiffness relative to its undoped counterpart [146-148]. Camenzind et al reported [147] 
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that the Young’s modulus of PDMS / silica (SiO2) (Figure 1. 3) nanocomposites is > 2 
MPa while the matrix has a Young’s modulus < 200 kPa (3% crosslinkers concentration, 
curing 3 days at 100°C) [141] and the nanocomposite rigidity increase with the 
increasing concentration of the embedded SiO2 nanoparticles. An advantage of such 
nanoparticle-embedded films is that the displacement of the films can be tracked by 
tracing the nanoparticle positions [149, 150]. 
 
Figure 1. 3 Sketch of PDMS/SiO2 nanocomposites. The black dots are silica particles that are 
embedded into PDMS matrix 
 
1.4.1.3 Micropillars 
PMDS micropillars (Figure 1. 4) have been widely used to study cell 
spreading, adhesion and migration [151-155]. By detecting the displacement of the 
micropillar, the force that a cell applies to the pillar can be calculated based on the 
mechanical properties of micropillars [156-159]. Fibroblast and epithelial cells have 
been observed to actively adhere to and bend micropillars with controllable pillar 
stiffness [58, 151, 154]. Ghibaudo et al reported that there is linear force-rigidity 
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relationship when both 3T3 fibroblasts and epithelial cells were cultured on top of 
micropillars, and the cell spreading areas also increase with the increasing pillar 
stiffness [151] . 
Geometric parameters, including the pillar diameter, pillar height and pillar 
array density can be conveniently tuned to mimic different substrate stiffness. Table 1. 
1 shows the PDMS rigidity as a function of pillar diameter and height for a range of 
parameters, using a fixed bulk modulus of 2 ± 0.1 MPa [160].  
 
Figure 1. 4 Sketch of the micropillars patterned on PDMS 












































PDMS microwells (Figure 1. 5) provide a 3-D mechanical environment for 
cell culture. [161-163] In principle, a single cell can be trapped in each microwell [164-
166]. By optimizing the elasticity of microwells for a high single cell occupancy rate, 
the 3-D shape of the cells can be controlled. This may help elucidate the mechanism of 
dimensionality sensation and cell orientation during division [163]. PDMS microwells 
with rigidities ranged from 1.3 MPa (10:1), 8 kPa (50:1) to 4 kPa (60:1) have been 
reported [163]. Khademhosseini et al showed that the size and uniformity of human 
embryonic stem cell clusters in co-culture with murine embryonic fibroblasts can be 
controlled by the polymeric microwells [167]. Ochsner et al indicated that the variable 
stiffness of PDMS microwells can control 3-D cellular shape [163].   
 
Figure 1. 5 Sketch of the microwells patterned on PDMS 
 
1.4.2 Other polymers 
Other biocompatible polymers, such as polystyrene, polyurethane and SU-8, 
are also used in cell experiments of rigidity sensing. Polystyrene with Young’s modulus 
of ~ 3 GPa is traditionally used in cell culture [168]. Eyckmans et al demonstrated that 
sticky mechanical memory stimulated in human mesenchymal stem cells by culturing 
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the cells on polystyrene for 10 days persists even after the cells are transferred to a 
softer substrates, evidenced by the presence of early osteoblast marker [169]. 
Polyurethane (Young’s modulus: 2 kPa ~ 280 kPa [170-172]) has been used as a 
biocompatible substrate for bone cells [173-175]. SU-8 (Young’s modulus: 2-5 GPa 
[176]) has also been reported as a platform for cell culture [177, 178] because of its 
better mechanical properties and gas impermeability relative to PDMS [179-181]. 
Ayuso et al utilized a SU-8 established microdevice to guide the migration of pre-
osteoblasts cells based on the combination of the nutrient restriction and natural cell 
metabolism [182].  
 
1.4.3 Hydrogels  
Hydrogels, with a stiffness range from 100 Pa to 4 MPa, is another material 
used to mimic the physiological context [93]. A hydrogel is a macromolecular polymer 
gel constructed of a 3-D network of crosslinked polymer chains and over 90% volume 
of water. Because of its high water content, hydrogels are highly flexible, and their 
stiffness can be tuned to be very close to that of nature tissue, making it a promising 
material for tissue engineering and cell culture. The stiffness of a hydrogel can be 
controlled by varying the concertation of the component materials [183], changing the 
ratio of cross-linking agents to the base gel [184] and light-induced crosslinking and 
decomposing [185]. Collagen matrix of hydrogels at a concentration of 1 mg/ml is 
shown in Figure 1. 6. Cretu et al showed that mouse embryonic fibroblasts spread well 
and display stress fibers on acrylamide-based hydrogel with higher stiffness ( > 20 kPa) 
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compared with those with lower stiffness ( < 3 kPa) [186]. Choi et al showed that the 
softer polyacrylamide hydrogels (0.1 kPa) improve the cellular reprogramming 
efficiency through mesenchymal to epithelial transition than that on stiffer (1-20 kPa) 
hydrogels [187]. Watt et al demonstrated that stem cell responses on hydrogels of 
different stiffness [188] and Jaiswal et al illustrated that controlling the hydrogel 
stiffness could lead to increase the differentiation of stem cells [189].  
 
Figure 1. 6 3-D collagen matrix at a concentration of 1 mg/ml 
 
1.4.4 Heterogeneous rigidity substrates 
In the natural physiological environment, a cell encounters a range of 
rigidities with feature sizes spanning many dimensional scales. Therefore, beyond what 
can be done with substrates having a homogeneous rigidity, the response of cells to 
heterogeneous rigidity (Figure 1. 7) should be of great interest. Collins et al found that 
a 3-D matrigel (~500 Pa) blended with only ~ 0.07% stiff SU-8 (4.0 GPa) 
microstructures of total gel volume increases the proliferation rate and slow the 
differentiation of human mesenchymal stem cells after 10 days in culture [190, 191].  
Noman et al also showed that fibroblasts have better viability on similar SU-8/matrigel 
heterogeneous structures [192].  
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Figure 1. 7 Sketch of the microstructures 3-D material and 2-D surface, which result in a 
heterogeneous rigidity substrate. A) is the microstructures in 3-D material and B) is the 
nanoparticles coated on 2-D surface. 
 
1.4.5 Comparison between methods 
Looking at the currently available tools for studying cellular rigidity response, 
described above, there are several aspects that must be considered.  
Regarding rigidity tunability, none of the materials surveyed here is able to 
cover the entire spectrum of physiological tissue and bone stiffness, from ~50 Pa to tens 
of GPa. However, hydrogels and PDMS seem to dominate in the 100 Pa – 4 MPa and 
100 kPa – 10 MPa ranges, respectively, because of the wide ranges of stiffness that can 
be achieved by varying their chemical composition, as compared to other polymer 
materials. The stiffness of PDMS can be further expanded by blending silica particles 
to create even stiffer regions.  
Biocompatibility is another crucial aspect. Although hydrogels and PDMS 
are commonly considered to be non-toxic to cells, they may still release toxic molecules 
into culture medium during long-period of culturing, especially when extreme ratios 
between base materials and cross-linker are employed. 
In order to form heterogeneous stiffness and structure, either composite 
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materials or patterning techniques may be employed. Composite materials usually raise 
concerns regarding the chemical heterogeneity, resulting in possible interactions other 
than rigidity-related processes. Hydrogels are usually difficult to pattern. PDMS 
structures including pillars and microwells, are commonly fabricated by molding the 
materials against a master substrate with preset structural parameters. Continuously 
changing the size, height and spacing of the pillars, for example, remains a major 
challenge using this approach and would require considerable fabrication costs.  
     
 
1.5 Objectives of this study 
The main objective of this thesis is to explore cellular response to rigidity by 
developing a new device for the creation of biomimetic surfaces to achieve regions of 
heterogeneous rigidity on scales ranging from micrometers to nanometers. In order to 
achieve the goal, firstly, a device has to be developed not only the overall material 
stiffness can be modulated, but also with controllable microstructure including size, 
spacing, shape and local stiffness (Figure 1. 8). To this end, a focused electron beam is 
used to expose patterns on PDMS films, with features ranging in size from hundreds of 
microns down to ~ 100nm. As will be explained in Chapter 2 in this thesis, the patterned 
regions that have been exposed to the electron beam are mechanically stiffer than the 
unpatterned ones. As will also be described, thorough characterization of the patterned 
surfaces was performed in order to understand the effects of the electron beam exposure 
on the mechanical and surface chemical properties of the surfaces. It will be shown that 
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electron-beam induced crosslinking of the PDMS does, indeed, result in an increase in 
the PDMS stiffness, as a function of the electron beam dose. Changes to the surface 
chemistry were also detected, and these will be detailed in Chapter 2 as well. 
 
Figure 1. 8 The surface with heterogeneous rigidity: A) with different shapes; B) with controllable 
stiffness; and C) with tunable feature size and center-center spacing.  
The e-beam patterned surfaces were applied to the study of cellular rigidity 
response for three different cellular systems. In order to ensure that the cells were 
responding only to the differences in rigidity, a new protocol had to be developed in 
order to obtain a uniform protein coating on the surface prior to cell culture. Then the 
developed surfaces are applied to different cellular systems, probing cell behaviors on 
the surface with different parameters.  
Mesenchymal stem cells were the first cell type to be investigated. Different 
electron beam doses and patterned feature sizes were used. This work is described in 
Chapter 3. Unlike adhesion cells, T cells are typically suspended within the flow in vivo. 
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Nonetheless, they do interact with tissue and with other cells. What happens to T cells 
if they are anchored to the heterogeneous substrates coated with the ligands of antigen 
presenting cells? To address this question, the recruitment of mechanical sensing 
proteins and the immunoresponse of CD4 T cells was studied. One of the important 
goals with these cells was to compare the recruitment of mechanosensing proteins 
between homogenous- and heterogeneous- rigidity surfaces. A correlation between 
these proteins could provide clues as to how rigidity can be used to modulate the 
immunoresponse of these cells. This could suggest possible applications for 
heterogeneous rigidity surface in immunotherapies, e.g., in carry out a high efficiency 
ex vivo activation. This is discussed in Chapter 4. In Chapter 5, a comparison of cellular 
response to heterogeneous rigidity between two breast cancer cells, MB231 and MB468 
is conducted to explore the mechanisms of cancer cell invasion, with a focus on the role 
of integrins in cancer cell invasion. A summary and discussion of the thesis is concluded 














As mentioned in Chapter 1, rigidity plays a crucial role in regulating cell 
behavior and modulating both cell-matrix and cell-cell interactions. Various materials 
that have similar stiffness to native tissue have been employed to mimic the cell 
microenvironment. In vivo, however, tissue is not a homogeneous bulk material but is 
comprised of heterogeneous distributions of structures and assemblies (e.g., cells, 
matrix, molecules, proteins, complexes) with different rigidities at the multi-cellular to 
the subcellular level. Tissue cells pull on only the nanoscale ligands or motifs located 
on ECM fibrils other than a macroscopically homogeneous surface. Also, it has been 
observed that even within fibronectin fibers there are highly heterogeneous rigidities 
that can vary from kPa scale to MPa scale [193, 194]. Therefore, new tools are required 
to create biomimetic surfaces with heterogeneous rigidity in order to better simulate the 
mechanical microenvironment of cells and probe the cellular response to rigidity at the 
micro- and nanometer scale.  
The fabrication and characterization of a device with 2-D heterogeneous 
rigidity surface are discussed in this chapter. Electron beam lithography (e-beam) is 
utilized to expose the surface of PDMS films to create micrometer and sub-micrometer 
size stiffer regions relative to the unexposed areas. E-beam exposure of polymeric 
material results in scission and subsequent cross-linking of the polymer chains. This is 
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the process upon which conventional lithographic processing is based, with the polymer 
serving as a “resist,” which, after post-exposure processing serves as a stencil for 
pattern transfer (either by etching or lift-off). The degree of chemical change induced 
in the polymer by the electron beam is a function of the incident electron energy and 
the applied electron dose (i.e., the number of electrons impinging upon a given area, as 
determined by the beam current and the exposure time). Monte Carlo simulation [195] 
is a convenient tool to determine the electron distribution in the polymer, taking into 
account electron scattering. This gives a good guide to the three dimensional geometric 
profile of the polymer cross-linking. The physical and chemical properties of the film 
resulting from the e-beam exposure, including the surface topology, stiffness, 
wettability, surface chemical composition are thoroughly characterized. Finally, in 
order to create a uniform protein coating of the surface, the parameters of protein 
adhesion for different applications are screened for the optimal conditions.  
 
 
2.2 Materials and fabrication  
PDMS was been chosen to be the base material of the device because it is a 
transparent, elastomeric materials with excellent biocompatibility. PDMS has been 
widely applied to the study of cell adhesion, cell migration and other cellular functions. 
More importantly, the rigidity of the PDMS can be broadly tuned by simply varying the 
weight fraction of the crosslinker to the polymer precursor, and PDMS films can be 
fabricated with ease and at a low cost.  
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2.2.1 Substrates fabrication 
        No. 0 (22mm2, for live cell imaging) and No. 1 (22mm2, for fixed cell 
imaging) microscope cover-glasses (Thomas Scientific, NJ, USA) are immersed 
overnight in the 1:4 diluted 7X cleaning solution (MP Biomedicals, CA, USA) with 
deionized (DI) water (18 MΩ∙cm, Milli-Q, Germany), followed by rinsing with acetone 
and isopropyl alcohol (IPA) for 5 min, sequentially. After the cleaning steps, the cover-
glasses are dried under a stream of filtered nitrogen gas. Sylgard 184 PDMS prepolymer 
(Dow Corning, MI, USA) is mixed with crosslinker in either 50:1 or 10:1 ratio. The 
mixtures are centrifuged for 5 min at 1,000 r.p.m to eliminate air bubbles, and degassed 
for 10 min under vacuum. Then 0.5 ml PDMS is spin-coated on the cleaned cover-
glasses for 60 seconds at 1000 r.p.m with an acceleration of 400 r.p.m.s-1 to obtain a 
uniform film of PDMS and cured for 12 hours at 50°C in an oven. The thickness of the 
PDMS film on the cover-glasses prepared in this way is ~ 120 μm, as measured by 
ellipsometry. To avoid charging during the e-beam writing, the samples are treated with 
oxygen plasma for 10 second in a Diener plasma etch system and then coated with a 
layer of 5 nm conductive discharge polymer by spinning 100 μl of Aquasave 
(Mitsubishi Rayon America, NY, USA) on the oxygen-plasma treated PDMS surface 
for 30 seconds at 3000 r.p.m with a slow acceleration rate of 70 r.p.m.s-1. Substrates are 





2.2.2 E-beam patterning 
        The PDMS substrates are patterned by a scanning electron microscope (FEI 
XL 30 Sirion SEM) equipped with the nanometer pattern generation systems (NPGS) 
with the accelerating voltage of 30 kV and the beam current of ~ 4 nA. A typical pattern 
usually comprises of 1 x 1 mm2 arrays of circulars with diameters varying from 0.1 μm 
- 12 μm. Exposure doses range from 500 to 6000 μC/cm2. Figure 2. 1 shows a schematic 
of the e-beam writing process on the PDMS surfaces. After the patterning, the substrates 
are rinsed in DI water for 3×5 min to remove the Aquasave layer. Then the substrates 
are blown dry and stored under different conditions, where the temperature, 
environment, time are carefully controlled in order to obtain uniform, optimized protein 
loading on the surfaces, as will be described in Section 2.6.3.  
30 
 
Figure 2. 1 The schematic of the processes for e-beam patterning on PDMS: A) is the planar PDMS 
surface on the glass; B) is the process of e-beam patterning; C) is the device with a heterogeneous 
rigidity surface composed of a thin layer of Aquasave on the top, ~ 3 μm rigid PDMS, ~ 117 μm 
soft base PDMS and the cover-glass at the bottom.    
        When an electron beam impinges on a PDMS substrate, high energy electrons 
pass through the material, scattering as they go further and continuously slowing down 
as described by Bethe model [196]. In general, there are two types of electron scattering: 
forward scattering and backward scattering (Figure 2. 2). Forward scattering takes place 
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as the electrons go through material. And backward scattering happens when electrons 
are reflected by nuclei in the underlying substrate. Since the PDMS film is relatively 
thick, ~ 120 μm, forward scattering dominates (Figure 2. 3). Secondary electrons are 
generated by the forward scattering, which delivers energy in the e-beam patterned 
regions to break molecular bonds and initiate the crosslinking of PDMS, resulting in an 
increased stiffness of the PDMS in the exposed regions relative to the unexposed areas, 










Figure 2. 3 Forward scattering are mainly occurred in the e-beam patterned regions 
        In addition to the stiffness contrast, e-beam writing on PDMS can lead to 
small topographical changes resulting from contraction of the polymer due to the 
crosslinking. Since these surfaces are to be used for cell studies, it is important to ensure 
that the cells are responding only to the stiffness changes – and not to the induced 
topography. To this end, a control surface is created with the exact topographic features 
as the e-beam exposed surfaces, but homogeneous rigidity. Negative shims are 
fabricated by casting PDMS precursors with 5:1 ratio of prepolymer to crosslinker on 
hexamethyldisilazane (HMDS, 99.9% purity, Sigma–Aldrich, MO, USA) coated e-
beam written samples and the entire patterned fields are isolated with a glass cloning-
ring. The negative shims are cured overnight at RT and peeled off from the patterned 
samples. The inverse replication procedure is performed again with 50:1 ratio prepared 
PDMS in order to obtain the topographic control samples. 
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2.3 Monte Carlo simulation of electron beam energy deposition 
Monte Carlo simulations of electron trajectory and scattering profile in 
PDMS are performed using Casino software [197]. Two parameters are considered: one 
is the energy of the electrons, which is 30 keV for these experiments, and the other is 
the degree of scattering in the polymer, which depends on the atomic number and 
density of the material. Simulation results indicate that the depth of the electron 
penetration can exceed 15 μm but more than 90% of energy is absorbed in the top ~3 
μm of the PDMS (Figure 2. 4). Assuming a monotonically increasing dependence of 
stiffness on energy absorbed by PDMS, the scattering profile suggests a pear-shaped 
rigidity structure with a narrow, rigid pillar at the top and a wide bottom whose rigidity 
gradually decreases with the increase of depth until finally reaching the base material 
(Figure 2. 5). The lateral spread of electrons at the top pillar is only ~ 30 nm at 30 keV 





Figure 2. 4 Monte Carlo simulations of electron trajectory and scatter profile in PDMS 
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Figure 2. 5 The scattering profile of the e-beam exposed regions at the PDMS cross-section: A) is 
the schematic without the cell; B) is the schematic with a cell adhesion.  
 
 
2.4 Physical characterization 
        Upon exposure to the e-beam, the PDMS is crosslinked, which not only 
makes the exposed areas stiffer than the unexposed areas but also induce the formation 
of depressions in and surrounding the patterned regions. After the writing, the exposed 
elastomeric material contracts and pulls in the surrounding material, which leads to 
circumferential stressing beyond the boundary of the exposed regions. The 
topographical changes are characterized by scanning electron microscope (SEM) and 
optical profilometer as a function of the e-beam dose.  
SEM images of the exposed regions at a dose of 4,000 μC/cm2 (Figure 2. 6) 
are taken on a Hitachi S-4700 field emission SEM. The image is obtained in secondary 
electron mode with accelerating voltages of 5 kV, emission current of 20 μA, and 
working distance of 10.6 mm. What appear to be depressions in the film can be clearly 




Figure 2. 6 SEM image of e-beam exposed regions  
The surface morphology of the exposed regions at a dose of 4,000 μC/cm2 is 
measured by a Veeco Wyko NT9100 optical profilometer with a 50× objective (Figure 
2. 7). Before imaging, substrates are sputter-coated with a 12 nm layer of Au at 10 mA 





Figure 2. 7 Surface morphology of the e-beam exposed areas measured by optical profilometer 
 
        On substrates with feature diameter of 2 μm, the deformed area laterally 
extends to a distance twice the original exposed diameter and the depth, as a function 
of applied electron dose, monotonically increasing from ~ 4 nm at a low e-beam dose 
of 50 μC/cm2 until saturating at 140 nm at a dose of 2,200 μC/cm2 (Figure 2. 8 and 
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Figure 2. 9). Further increasing the dose to 10,000 μC/cm2 does not increase the 
depression depth any more. Interesting, the resultant topography has a very large radius 
of curvature of ~ 20 μm with the 140 nm depth, leading to an aspect ratio, defined as 
height: radius of curvature, of approximately 1:200, i.e., the topography is a very gentle, 
slowly varying one. This low aspect ratio is much smaller than the critical value of 1:1, 
under which no preferential cell contacts and focal adhesion modulation have been 
observed [198].  
 













2.5 Mechanical characterization 
2.5.1 Nanoindentation measurement 
        Nanoindentation is a broadly used technique to measure the mechanical 
properties of solid materials. It is applied in this study to characterize the change in 
rigidity of the e-beam exposed PDMS films as a function of applied electron dose and 
to determine the elastic modulus of the fabricated devices. An Agilent G200 
nanoindenter Dynamic Contact Module (DCM) head is used here. Measurements are 
made on continuous 1 mm2 exposed areas for exposure dose up to 10,000 μC/cm2. The 
nanoindenter head is brought to approach the PDMS surfaces. After contact, it 
maintains a constant load and deflects the springs 1.5 μm to ensure it is in constant 
physical contact with the film. Then, the diamond flat-punch indenter tip of radius 76.4 
μm is oscillated approximately 500 nm at a frequency of 110 Hz, which is sufficiently 
close to the natural frequency of the DCM to benefit in increasing sensitivity in the 
measurement. The amplitude and phase of the force and displacement of the embedded 
tip are recorded.  
        Because of the crosslinking of the PDMS by e-beam exposure, the stiffness 
of the patterned polymer is increased together with a reduction in volume, leading to an 
increased pre-strain in the film. The increase of Young’s modulus is bounded by both 
the unpatterned PDMS substrate and the pre-strain in the film. The storage modulus and 
the phase angle, which reflects the energy loss, are extracted from the nanoindentation 
measurements as functions of exposure dose, as shown in Figure 2. 10. The storage 
modulus increases with the increase in exposure dose, indicating that it gets stiffer for 
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higher dose. In order to quantify these nanoindentation measurement, a finite element 
(FE) analysis is performed.     
 
 
Figure 2. 10 Apparent storage modulus and apparent phase angle of the exposed regions as a 
function of exposure dose 
 
2.5.2 Finite element model and analysis  
        From the Monte Carlo simulation shown in Figure 2. 4, the energy delivered 
by the e-beam is considered to be localized in the top ~3 μm layer of PDMS. Therefore, 
a FE model of the exposed sample is comprised of a top PDMS layer, which is 3 μm in 
thickness with increased Young’s modulus, a middle PDMS layer, which is 117 μm in 
thickness with Young’s modulus the same as the base materials, and a glass substrate 
(Figure 2. 11). When the nanoindenter tip contacts the PDMS surface, it is actually 
sensing the stiffness of the complete stack. After performing a finite element analysis 
based on this model, the plot for the change of Young’s modulus as a function of the 
exposure dose is showed in Figure 2. 12, where E is the Young’s modulus of the top 3 
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μm film and E0 is the Young’s modulus of the 117 μm underlying film. Through brute-
force curve fitting, it is seen that there is a two orders of magnitude or more increase in 
Young’s modulus in the exposed regions compared to the unexposed PDMS. The rate 
of increase seems to fall between a linear dependence and a two-stage linear model.   
 
 
Figure 2. 11 A finite element model of stack rigidity measured by the nanoindenter 
 
 




2.6 Surface chemistry characterization 
        The chemical properties of PDMS e-beam irradiation are characterized to 
ensure that the regulation on cellular responses is only depending on the key factor, the 
rigidity, and not a result of altered surface energy, surface chemical composition or 
protein loading.  
         
2.6.1 Hydrophilicity 
The hydrophilicity of the substrates is analyzed by contact angle 
measurements. The experiments are performed at RT, using 8 μl water droplets with a 
model 100_00 contact angle goniometer (Rame-Hart, Inc.). The contact angles are 
obtained by averaging the measured values from at least three different samples and at 
more than three locations on each sample. The contact angles on different substrates, 
glass, non-exposed PDMS and e-beam exposed PDMS, are shown in Figure 2. 13. As 
can be seen from the figure, no significant difference in contact angle measurement 
between exposed and unexposed PDMS is observed. 
 
 
Figure 2. 13 Measurement of hydrophilicity on different substrates 
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2.6.2 XPS measurement 
        The change in chemical composition on the patterned PDMS surface is 
characterized by X-ray photoelectron spectroscopy (XPS). XPS spectra are recorded by 
a PHI 5500 model spectrometer equipped with an Al K monochromator X-ray source 
at 15 kV and 23.3 mA, a hemispherical electron energy analyzer and a multichannel 
detector. The chamber pressure is maintained below 2 × 10-9 Torr during signal 
acquisition. A low energy electron flood gun is used to neutralize possible surface 
charging. The binding energy (BE) is internally referenced to the aliphatic main C 1s 
peak (BE = 284.6 eV). A survey spectrum is acquired at an analyzer pass energy of 93.9 
eV and BE resolution of 0.8 eV, while the high resolution spectrum is acquired with a 
pass energy of 23.5 eV and BE resolution of 0.05 eV. Angle-dependent XPS is 
performed by rotating the sample holder to the desired take-off angle (the angle between 
the surface normal and the detector) through a motor. Spectra are fitted by Gaussian–
Lorentz functions after subtracting a striped background using the PHI data processing 
software package under the constraint of setting reasonable BE shift and characteristic 
full width at high maximum (FWHM) range. Atomic concentrations are calculated by 
normalizing the peak area to the elemental sensitivity factor data provided by the PHI 
database. 
The XPS spectra show a significant reduction of carbon concentration near 
the surface after the e-beam irradiation, indicating that the e-beam exposed areas have 
become more glasslike. The surface carbon content decreases approximately 50% at a 




Figure 2. 14 Exposed surface elemental analysis by XPS  
 
2.6.3 Protein loading distribution 
The surface contact angle and XPS measurements indicate that, while the 
differences between the exposed and unexposed regions are small, they are not zero. 
Therefore, it is important to see if these differences will affect protein distribution on 
the surfaces, and if so, whether or not there are conditions that will yield uniform protein 
coatings. Fibronectin, OKT3 and collagen are coated on the exposed PDMS substrates, 
respectively, as they serve as the key binding ligands to mesenchymal stem cells, CD4+ 
T cells and breast cancer cells, respectively, studied in this work. PDMS substrates are 
patterned with arrays of dots with diameters of 1 μm or 2 μm and center to center 
spacings of 4 or 2.5 times of diameter to test the protein distribution. Proteins are 
fluorescently labeled with Alexa Fluor 488 (Invitrogn) according to manufacturer’s 
instructions (Thermo Fisher Scientific, MA, USA) and the comparison between the 
fluorescence intensity and bright field DIC intensity is analyzed with ImageJ. The 
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bright field intensity increases or decreases (depending on the substrate orientation 
during imaging by optical microscope) sharply at the irradiated edges because of the 
confined lateral distribution of forward scatterings and it indicates a changed refraction 
index. An ideal coating of protein would have uniform fluorescence intensity across the 
whole area, no matter whether the surfaces have been exposed or not.  
The drying conditions after removing the Aquasave layer can significantly 
affect the protein coating. The protein loading distributions are found to be depended 
on the temporal duration, the temperature and the storing gas atmosphere of the drying 
process. An effort is made to establish optimized protocols that allow one to 
reproducibly produce substrates with uniform distribution of proteins across the entire 
patterned and unpatterned PDMS substrate.   
 
2.6.3.1 Fibronectin 
        A dependence on drying time has been discovered for adsorption of the 
human fibronectin (Sigma Aldrich) on the surface of e-beam exposed PDMS. Three 
different drying times, 0 min, 20 min and 2 hours, at RT in ambient conditions have 
been studied. PDMS substrates with base polymer to crosslinker ratios of 50:1 and 10:1 
are patterned and dried at different conditions. Fibronectin is applied to the substrates 
by immersing them in 0.5 μg/ml fluorescent fibronectin dissolved in PBS for 18 hours, 
followed by washing in fresh PBS for 3x5 min. PDMS substrates with both ratios 
display the same evolution of protein distribution with the time (Figure 2. 15). With 0 
min drying time, the loading of fibronectin on exposed dots is higher than that on 
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unexposed ones. When the time changes to 20 min, the coating of fibronectin becomes 
uniform on the surface, while for the 2 hour time point, the distribution is inversed 
compared to the 0 min case, with density of protein on exposed dots lower than that on 
unexposed ones.   
Based on these observations, an optimal drying condition for fibronectin 
coating is determined to involve storing the substrate for 20 min in air after removing 
the Aquasve and blowing dry and before the protein loading. To investigate the 
distribution in greater detail, a line profile across several exposed spots is drawn using 
ImageJ (Figure 2. 16). Peaks in the DIC channel indicate the changed refraction index 
of the exposed spots (which is consistent with the increased cross-linking of the 




Figure 2. 15 Fluorescent and DIC images of fibronectin distribution on patterned PDMS with 




Figure 2. 16 Fibronectin is evenly distributed on patterned PDMS 
 
 
Figure 2. 17 Surface OKT3 Distribution exposure to atmosphere at RT after removing the 
Aquasave, no plasma process  
   
 
2.6.3.2 OKT3 
        OKT3 is a monoclonal antibody that targets CD3 receptors on the surface of 
T cells. A solution of 10 μg/ml Alexa 488 labelled mouse anti-human OKT3 (a 
dye/protein ratio of 1.12, (Thermo Fisher Scientific, MA, USA)) in PBS (Thermo 
Fisher Scientific, MA, USA) is coated on the patterned PDMS substrates with arrays of 
1 μm or 2 μm spots. Protein distribution as a function of drying time at RT and under 
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ambient atmosphere is shown in Figure 2. 17. Similar to the case of fibronectin coating, 
the distribution of OKT3 shows a three-stage progression, with an optimal drying time 
of 18 hours. Also, the loading density reaches its maximum at 18 hours. All the 
fluorescent images here are original without brightness adjustment, under the same 
microscopy settings.  
 
 
Figure 2. 18 OKT3 distribution after applying 1.5 min oxygen plasma as a function of exposure 
time to the air  
To improve the efficiency of the coating while keep the high, uniform loading, 
additional exploration of parameter space is pursued, including parameters such as 
oxygen plasma treatment, hydrogen plasma treatment, incubation condition, incubation 
time and OKT3 coating time and temperature. Although the plasma treatments provide 
very uniform coating, the overall intensity of protein is much lower compared with the 
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previously determined condition. (Figure 2. 18 to Figure 2. 21) The optimal coating 
conditions (1 hour at RT) are obtained in Figure 2. 22.  
 
 




Figure 2. 20 OKT3 distribution comparisons of hydrogen and oxygen plasma with different 





Figure 2. 21 Images of OKT3 fluorescent intensity on PDMS surface: non-plasma, oxygen plasma 
and hydrogen plasma. 
 
Figure 2. 22 OKT3 distribution under different coating conditions: different coating times and 
temperatures  
The increase of incubation temperature and a more stable incubation 
environment are found to efficiently reduce the incubation time while maintaining a 
uniform protein loading at high intensity (Figure 2. 23 and Figure 2. 24). Finally, the 
protocol for OKT3 coating is determined as: 1) storing the samples in an incubator with 
5% CO2 at 37°C after removing Aquasave and blowing dry; The time periods in the 
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incubator are 2, 3 and 4 hours for e-beam doses of 2,000, 4,000, 6,000 μC/cm2, 
respectively; 2) immersing the substrates in 10 μg/ml solution of OKT3 in PBS for 1 
hour at RT and 3) washing in fresh PBS for 3×5 min. 
 
Figure 2. 23 OKT3 distribution on patterned PDMS with the dose of 4,000 μC/cm2 when the 




Figure 2. 24 OKT3 is evenly distributed on exposed PDMS with a dose of 4,000 μC/cm2 
    
2.6.3.3 Collagen 
        Collagen is a type of ECM protein that binds to transmembrane receptors 
including integrin α2β1 on breast cancer cells, which will be studied in the following 
chapters. Different from fibronectin and OKT3, collagen cannot be dissolved in PBS. 
Therefore, a 30% ethanol solution of 10 μg/ml FITC labelled collagen (Beckman 
Coulter and Abcam, USA) is employed. When coating is completed, substrates are 
sealed in PBS for seeding of breast cancer cells on the following day.     
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Figure 2. 25 Collagen distribution on unpatterned PDMS substrates 
At first, a test on unpatterned PDMS is performed to ensure that collagen can 
be absorbed by PDMS substrates (Figure 2. 25). Then similar to the case of OKT3, the 
parameters, including the drying time (0, 3, 3.5, 4, 4.5, 5, 6 hours) in the incubator (5% 
CO2, 37°C), the protein coating duration (3, 5, 6 hours, overnight) and the coating 
temperature (RT or 37°C), are screened to obtained the optimized coating on patterned 
PDMS substrates. The results in Figure 2. 26 indicate that keeping the substrates in the 
incubator for 6 hours at 37°C and then coating collagen on the surface for 5 hours at 





Figure 2. 26 Collagen distribution under controllable conditions  
        There is a possibility that the ethanol solvent can evaporate completely after 
the collagen coating, leaving the substrate in dry state, which not favorable for the 
breast cancer cell seeding. To avoid this, the collagen coated substrate are stored in PBS 
until the culturing of the breast cancer cells. Fluoresence microscopy images before and 
after the storing in PBS are compared in Figure 2. 27, showing only a very small 
decrease in collagen intensity after storing the coated substrates in PBS overnight. 
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Therefore, the final protocol of collagen coating is: 1) incubating the substrates for 6 
hours at 37°C with 5 % CO2; 2) immersing the substrate in a 30% ethanol solution of 
10 μg/ml collagen for 5 hours at 37°C and 3) storing the substates in PBS until the cell 
seeding.     
 
 
Figure 2. 27 Fluorescent collagen distribution: A) keeps patterned PDMS substrate in the 
incubator for 6 hours at 37°C and then coat collagen for 5 hours at 37°C; B) is the same conditions 












       In this chapter, biomimic PDMS devices with surface features that have 
tunable stiffness and controllable feature size, spacing and shape are fabricated by 
locally exposing the PDMS surface to an electron beam. The high energy electrons 
deliver energy to the polymer, initiate the crosslinking of polymer chains, which renders 
the exposed area stiffer than the unexposed ones. The e-beam exposure also induces 
local contractions and surface chemical change at the exposed areas. According to 
Monte Carlo simulations, over 90% of the energy of the electrons is distributed within 
the top ~ 3 μm of the PDMS substrate, forming a three-layer FE model with a 3 μm 
thick, stiffer PDMS layer on top of a 117 μm thick, softer PDMS layer on a 150 μm 
glass substrate. Topological features with shallow depressions up to ~ 140 nm deep and 
radius of curvature of 20 μm have been observed as a result of the e-beam exposure by 
optical profilometry However, control substrates have been fabricated to ensure that 
this minor change in topography does not influence cellular response, as cells cultured 
on these PDMS control substrates with the same topography yet no rigidity modulation 
exhibited no response to the patterns. Nanoindentation has been applied to measure the 
stiffness of the patterned devices. After analyzing the stiffness measurements of 
nanoindentation experiments with a finite element model, the Young’s modulus of 
exposed PDMS is found to be two orders of magnitude larger than the unexposed 
material, and the dependence on dose follows a two stage linear model. Finally, 
protocols have been developed for obtaining uniform distributions of fibronectin, 
OKT3 and collagen on e-beam exposed PDMS surfaces with optimal intensity.         
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        In short, heterogeneous rigidity devices, having nearly planar topography 
together with uniform protein coating and tunable structural parameters including size, 
separation, shape and stiffness, have been prepared for probing cellular response of 
























        Stem cells have been demonstrated a remarkable ability to differentiate into 
different phenotypes (e.g., neurons, myocytes and osteocytes) on homogeneous 
substrates having rigidities that mimic the brain, muscle and bone tissue, respectively 
[8]. However, in vivo, stem cells live in a biophysically and biochemically diverse 
microenvironment called the medullary cavity, where a stem cell encounters a 
compositional matrix comprising micro- and nanoscale features with discrete rigidities, 
with Young’s modulus varying from 2-7 kPa (plasma membrane)[199], 5 GPa (collagen 
type Ι) [200] to 150 GPa (hydroxyapatite) [201]. Questions regarding how cells sense 
and respond to the heterogeneous rigidity, how the rigidity triggers the differentiation 
and what is the basic sensing element of rigidity are still unsolved [202, 203]. The 
answer to those questions would not only shed light on mechanisms involved in 
embryogenesis and cellular metastasis [204, 205], but also help develop strategies for 
wound healing and the design of optimal structures for implanting [206-209].    
        In this chapter, human mesenchymal stem cells (hMSCs) are cultured on the 
e-beam patterned PDMS substrate which mimics, albeit in a very simplistic way, a 
physiological microenvironment with heterogeneous rigidity. How cells interact with 
the features created by e-beam exposure with different feature size and dose is 
systematically investigated and the cell spreading and mobility on the patterned 
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substrates are discussed.    
 
3.2 Experimental methods 
3.2.1 Cell culture 
Devices with arrays of stiff features across nano- and micro-scale on softer 
PDMS matrix have been fabricated and functionalized by methods described in the 
previous chapter. Substrates are sterilized in 70% ethanol (3x5 seconds) followed by 
rinsing in PBS (3x5 seconds). Immortalized hMSCs derived from human bone marrow 
aspirates are stably transduced by a retroviral vector containing the gene for the 
catalytic subunit of human telomerase (hTERT) [210]. Cells are expanded to passage 4 
following 5 weeks of culture and subsequently trypsinized in TrypLE™ Express 
dissociation medium (Invitrogen) and seeded onto untreated experimental, and planar 
control tissue culture plates at a density of 1 × 104 cells per sample in 1 ml of complete 
medium. Cells are incubated at 37°C with a 5% CO2 atmosphere in Dulbecco’s 
modified Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum (FBS) 
(Gibco), 1% l-glutamine and 100 IU mg–1 penicillin/streptomycin (Invitrogen). 
 
3.2.2 Fluorescent labeling 
Following 24 hours culture on experimental and control substrates hMSCs 
cultures are fixed in 4% paraformaldehyde in phosphate-buffered saline solution (PBS), 
with 1% sucrose at 37°C for 5 min. Once fixed, the samples are washed with PBS. 
Samples are permeabilized with buffered 0.5% Triton X-100 (10.3 g sucrose, 0.292 g 
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NaCl, 0.06 g MgCl2, 0.476 g (4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid) 
(HEPES), 0.5 ml Triton X-100, in 100 ml water, pH 7.2) at 4°C for 5 min. Nonspecific 
binding sites are blocked with 1% bovine serum albumin (BSA) in PBS at 37°C for 15 
min and subsequently incubated for 2 hours with anti-paxillin monoclonal anti-human 
IgG raised in mouse, (1:200, (B.D Biosciences, Sparks, MD). Nonspecific charges (e.g. 
remaining aldehyde) are neutralized with 0.5% Tween 20/PBS (3×5 min) to minimize 
background labeling. A secondary, fluorescein isothiocyanate conjugated antibody is 
added, in 1% BSA/PBS, (1:50, Vector Laboratories, Burlingame, CA) 4°C for 1 hour 
and simultaneously, rhodamine-conjugated phalloidin is added for the duration of this 
incubation (1:50, Molecular Probes, OR). Substrates are given a final wash in PBS (3×5 
min). Samples are mounted in Vectorshield mounting medium for fluorescence (Vector 
Laboratories, Burlingame, CA). Cell–substrate and cell–cell interactions are examined 
by scanning confocal microscopy on a stage maintained at 37°C (live cell imaging). 
Imaging is performed on an LSM 700 scanning laser confocal microscope with an 
argon-ion laser (wavelengths 405; 488; 555; 639 nm) fitted with a Zeiss 100× α-PLAN 
Apochromat objective with a numerical aperture of 1.57 and with ZEN software (Carl 
Zeiss). 
 
3.2.3 Time-lapse videomicroscopy 
Time-lapse studies are performed as described elsewhere [211]. Briefly, 
MSCs are seeded onto patterned and control PDMS substrates and incubated for 1 hour 
to allow the cells to adhere. Cell media as subsequently are removed and cells are 
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cultured in CO2 independent medium (Gibco) supplemented with 10% fetal bovine 
serum, 1% l-glutamine and 100 IU mg–1 penicillin/streptomycin (Invitrogen). The 
substrates are sandwiched to an aluminum microscope slide with vaccum grease. Time-
lapse micrographs are recorded with a 20×, 0.7 NA air objective (Olympus) through a 
cooled CCD camera CoolSNAP HQ (Roper Scientific Inc.) using Simple PCI software 
(Compix Inc.). Images are captured via Differential interference contrast (DIC) 
microscopy every 5 mintues. 
 
3.2.4 Image analysis 
All images are analyzed using ImageJ (National Institutes of Health). Image 
stacks consists of 2-3 planes spaced by 0.40 μm which are rendered using standard 
deviation image intensity to produce a single image of the ventral cell surface. Focal 
adhesions are analyzed in cells from three separate experiments (20 cells each). Focal 
adhesions-exposed spot colocalization is analyzed by Manders’ method with the JACoP 
plugin [212]. Manders' overlap coefficient is based on the Pearson's correlation 
coefficient with average intensity values being taken out of the mathematical expression 
[213]. This coefficient will vary from 0 to 1, the former corresponding to non-
overlapping images and the latter reflecting 100% co-localization between both images. 
Therefore, M1 (or M2) determine the proportion of the fluorescent paxillin signal 
coincident with the DIC signal of the substrate over its total intensity, given as the 
following: k1= (Σi (Ai, coloc)) / (Σi Ai) & k2= (Σi (Bi, coloc)) / (Σi Bi) With Ai, coloc being Ai 
if Bi > 0 and 0 if Bi = 0; and Bi, coloc being Bi if Ai > 0 and 0 if Ai=0. Fluorescence 
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intensity of FAs is performed on pixels with a colocalization value of 1 relative to pixels 
with a colocalization value of 0 and plotted with the ImageJ plot profile function. Live-
cell analysis of cell motility is performed with the ImageJ plugin MTrackJ [214]. 
 
 
3.3 Results and Discussions 
3.3.1 Cells on patterned rigid stripes 
For a proof-of-concept experiment, hMSCs are seeded on large stripes with 
linewidth of 10 μm defined by e-beam exposure at the dose of 4,000 μC/cm2. Figure 3. 
1 shows that a MSC preferentially forms adhesions on the stiffer regions, indicated by 
the preferential accumulation of adhesion protein paxillin, which is labelled in green, 
on the stiffer stripes and the arrangement of the actin cytoskeleton, which is labelled in 
red. Also, it is observed that the cell stretches along the direction of the rigid patterned 
stripes, suggesting that stem cells can distinguish the stiff features from the soft matrix.  
 
Figure 3. 1 hMSC response to heterogeneous rigidity with 10 μm patterned rigid stirps on 50:1 (the 




3.3.2 Cellular response as a function of dose 
        A systematic investigation is performed on patterns with a structure of dot 
arrays. Firstly, a series of e-beam exposed PDMS substrates with doses from 500 to 
10,000 μC/cm2 are employed with a fixed feature diameter of 2 μm and edge-edge 
spacing of 6 μm. The imprinted replica of 2 μm features are taken as controls, which 
have the same topography of the e-beam exposed patterns yet no rigidity modulation. 
The cells are fixed and stained with paxillin in blue and actin cytoskeleton in green 
(Figure 3. 2). hMSCs are observed to form punctate focal adhesions that preferentially 
co-localize on the 2 μm diameter features. A more detailed study is conducted on 
patterned substrates with doses of 4,000, 3,000, 2,000, 1,000, 500 μC/cm2 (Figure 3. 
3A-E) with the imprinted replica as the control (Figure 3. 3F). On substrates with higher 
doses, 4,000 and 3,000 μC/cm2 for instances, significant accumulations of focal 
adhesion proteins are observed right on the exposed spots (Figure 3. 3A-B). However, 
the accumulations on the dots gradually diminish with a reduction of dose (Figure 3. 
3C-F). Instead, focal adhesions are elongated from the rigid e-beam exposed regions to 
the soft unpatterned inter-spots areas. The Mander’s coefficients are calculated to 
characterize the colocalization level of focal adhesions and exposed spots as a function 
of dose (Figure 3. 4). The control sample has a Mander’s coefficient lower than 0.1, 
verifying that the shallow depressions in topography do not affect the focal adhesion 
distribution. With the dose increasing, the patterned features become stiffer, resulting 
in a monotonically increasing Mander’s coefficient until reaching 0.8 at 4000 μC/cm2. 
Also, the overall fluorescence intensity of paxillin is significantly increased on stiffer 
61 
spots (Figure 3. 5), illustrating that the stem cells preferentially locate focal adhesions 
on stiffer microscopic features.   
 
 











Figure 3. 4 Colocalization of focal adhesion with increasing spot rigidity 
 
 








3.3.3 Cellular response as a function of spot size 
In addition to exposure dose, the dependence of focal adhesion distribution 
on spot size is also explored. Substrates with feature diameters of 2 μm, 1 μm, 500 nm, 
250 nm and 100 nm are fabricated with a dose of 4,000 μC/cm2 while keeping the same 
3: 1 ratio of edge-edge spacing to spots diameter. Planar unexposed PDMS substrates 
are employed as the negative control. hMSCs are cultured, fixed and stained following 
similar procedures described above and the distribution of focal adhesion proteins is 
shown in Figure 3. 6. Punctate focal adhesions are clearly observed on micron-scale 
dots. However, when the dot diameter decrease to nanoscale, focal adhesions are less 
localized on one rigid spot but tend to bridge across multiple discrete dots with 
increased paxillin signals at irradiated regions, suggesting multiple protein 
reinforcements on one focal adhesion plaque. Figure 3. 7 shows that the Mander’s 
coefficient significantly decreases from ~ 0.6 with 2 μm diameter monotonically to less 
than 0.1 with 100 nm feature diameter, where the colocalization is considered to have 
entirely disappeared. Also, the overall fluorescence intensity of focal adhesion increases 












Figure 3. 7 Colocalization of focal adhesion with increasing spot diameter 
 
 
Figure 3. 8 Fluorescent intensity of focal adhesion as a function of spot diameter 
 
 
3.3.4 Cell velocity and spreading area on heterogeneous rigidity surface 
        Trajectories of cells are generated by recording their locations every five min 
by time-lapse videomicroscopy. Images are taken at specific time points: 0 min, 20 min, 
5 hours and 10 hours on substrates with different feature diameters together with  
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Figure 3. 9 Track of cellular motility on 1 μm spot patterned PDMS and planar PDMS respectively 




Figure 3. 10 Track of cellular motility on 500nm spot patterned PDMS and planar PDMS 
respectively at the time point 0 min, 5 min, 5 hours and 10 hours 
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planar control diameters together with planar control samples (Figure 3. 9 and Figure 3. 
10). On 1 μm spot patterns, cells move over shorter distances compared to those on 
planar surfaces. In contrast, for smaller submicron spots with a diameter of 500 nm in 
Figure 3. 10, the cell migration distance on patterned features is similar to that on the 
planar surfaces.     
 
 
Figure 3. 11 Cell velocity as a function of spot size 
Cell velocity and spreading area are measured on e-beam patterned PDMS 
with increasing spot size in diameter, from 100 nm to 2 μm. Specifically, cell velocity 
and mean migration distance are significantly reduced on substrates patterned with 
spots of the micron-scale (Figure 3. 11), however there is no major difference of the cell 
spreading area on patterned PDMS with differential spot sizes (Figure 3. 12). 
70 
 




Tissues are composed of heterogeneous distributions of particles, and fibres 
of varying rigidity, rather than bulk rigidity systems. MSCs are cultured on e-beam 
exposed PDMS substrates that mimic the heterogeneous rigidity environment. By 
monitoring cellular response to these substrates with varying stiffness and geometrical 
sizes of rigid features, it has been demonstrated that the cellular rigidity sensing 
apparatus is capable of sensing discrete submicron differences in the matrix rigidity, 
and that focal adhesions demonstrate intrinsic “local” reinforcement in response to 










        CD4+ T cells are a type of white blood cell that plays an important role in 
immune system, particularly in the adaptive immune system. When activated, CD4+ T 
cells product cytokines that activate effector T cells and induce other immune activities, 
including helping B cells produce antibodies and enhancing the microbicidal activity 
of macrophages [215]. CD4+ T cells have been found to be sensitive to rigidity. 
O’Connor et al reported that CD4+ T cells secret more IL-2 and proliferate better on 
soft PDMS surfaces coated with anti-CD3 and anti-CD28, as compared to stiff surface 
[84]. The efficiency of T helper cell activation and proliferation is the major challenge 
in adoptive immunotherapy. Understanding how CD4+ T cells sense and respond to 
substrate rigidity can help develop tools to improve the efficiency of T-cell activation, 
proliferation and differentiation and can shed light on adoptive immunotherapy.  
In this chapter, biomimic devices fabricated by exposing soft PDMS 
substrates to an electron beam with controlled feature size, spacing and shape are 
utilized to explore whether and how the heterogeneity of rigidity regulates the 
activation of CD4+ T cell. The intracellular concentration of Ca2+, and indicator of T-
cell activation, is closely monitored to search for the set of structural parameters that 
achieves the highest activation level, and the distributions of the phosphorylated 
lymphocyte-specific Crk-associated substrate-related protein (pCasL), and the T cell 
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receptor (TCR) are characterized to analyze the observed cellular response on 
heterogeneous rigidity. Also, important factors in the activation pathway are also 
monitored in order to probe possible regulation routes involved in the experiments.        
 
 
4.2 Experiments and methods 
4.2.1 Cell culture 
        Naïve CD4+ T cells are purified and frozen in -70oC liquid nitrogen tank with 
10% DMSO (Sigma-Aldrich, MO, USA) in culture media RPMI (Thermo Fisher 
Scientific, MA, USA) at a cell concentration of 5 million cell/ml in 2 ml vials. For each 
experiment, 2 vials containing 10 million cells are unfrozen and kept in the culture 
medium RPMI (Thermo Fisher Scientific, MA, USA) with 10% fetal bovine serum 
(FBS) (Gibco, Thermo Fisher Scientific, MA, USA) and 1% l-glutamine at 37°C with 
a 5% CO2 atmosphere overnight for the next day experiment.  
 
4.2.2 Cell seeding and fluorescent labeling 
        Mouse anti-human OKT3 (Thermo Fisher Scientific, MA, USA) and 
recombinant human ICAM-1 (R&D Systems, USA) are coated as binding ligands of 
TCR and lymphocyte function-associated antigen 1 ( LFA-1), respectively, on the 
patterned PDMS substrates following the protocol described in chapter 2. After washing 
the substrates 3×5 min in PBS, pre-warmed 200 µL RPMI are applied on the surface 
for 10 min to block the surface. Rested naïve CD4+ T cells are seeded on the substrates 
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at a cell density of 1.5 million/ml for 45 min at 37°C. Then cells are fixed with 4% 
paraformaldehyde (PFA) in PBS for 10 min, washed with fresh PBS, and permeabilized 
by pre-cooled permeabilization buffer (0.5% Triton X-100, 10.3 g sucrose, 0.292 g NaCl, 
0.06 g MgCl2, 0.476 g (4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid) 
(HEPES), 0.5 ml Triton X-100, in 100 ml water; pH 7.2) for 5 min at RT. Nonspecific 
binding sites in CD4+ T cells are blocked with 5% bovine serum albumin (BSA) in 
PBS (0.05 mg/ml) at RT for 30 min.  
Subsequently, for the experiments with actin and pCasL staining, cells are 
incubated at 37°C for 3 hours with anti-pCasL monoclonal anti-human antibody raised 
in rabbit, (1:100 in BSA, (Cell Signaling Technology, MA, USA)). After washing the 
substrates by PBS, secondary antibody, donkey anti-rabbit IgG labelled with 
fluorescent Alexa 647 (1:400 in BSA, (Invitrogen, Thermo Fisher Scientific, MA, 
USA)), and anti-actin phalloidin Alexa 568 (1:400 in BSA, (Thermo Fisher Scientific, 
MA, USA)) are incubated at 37°C for 30 min. Finally, Substrates are washed in PBS 
for 3×5 min.        
        For exploring activated TCR signaling, phosphorylation of zeta-chain-
associated protein kinase 70 (pZap70) is stained to present the distribution of activated 
TCR. FITC anti-human Zap70 antibody (3:100 in BSA, (Biolegend, CA, USA)) is 
applied on the fixed and permeabilized cells for 20 min at RT. In other experiments 
(identified below), rabbit anti-human phospho-phospholipase C gamma 1 (pPLCγ1) 
antibody (1:100 in BSA, (Cell Signaling Technology, MA, USA)) and phospho-myosin 
II light chain antibody (1:100 in BSA, (Cell Signaling Technology, MA, USA)) is used 
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for 3-hour incubation at 37°C.   
        Cells are treated with 5nM cytochalasin D (Sigma-Aldrich, MO, USA) to 
inhibit actin polymerization at the 35 min time point after the cells are seeded. For the 
inhibition of myosin, cells are treated with 50 µM blebbistatin (Sigma-Aldrich, MO, 
USA) at the 25 min time point of the cell incubation. After applying the inhibitors, the 
cells continue to incubate for 10 and 20 min respectively and are washed with fresh 
PBS before fixation.  
        Fixed and stained cells are imaged on a LSM 700 scanning laser confocal 
microscope equipped with 405, 488, 555 and 639 nm lasers. Images are captured 
through a Zeiss 100× α-PLAN Apochromat objective with a numerical aperture of 1.57 
and processed with ZEN software (Carl Zeiss). The channels of Alexa 488, 568 and 647 
are chosen for the fluorescence imaging.  
         
4.2.3 Ca2+ detection and live cells imaging 
The intracellular Ca2+ concentration is characterized by monitoring the 
fluorescent intensity of Fluo-4 calcium dye (Molecular Probes, USA) through internal 
reflection microscopy (IRM). Fluo-4 is dissolved in DMSO, and Pluronic (Molecular 
Probes, USA) at the concentration of 50 mg/ml is added to prepare a 5 mM stock 
solution. CD4+ T cells are centrifuged at 1000 r.p.m for 5 min at RT and resuspended 
with culture media RPMI (Thermo Fisher Scientific, MA, USA) at a concentration of 
1 million cell/ml. The Fluo-4/Pluronic DMSO solution is added to the medium at a final 
concentration of 5 µM. After incubating for 30 min at 37°C with 5% CO2, cells are 
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centrifuged and resuspended in the Ca2+ free and phenol red free RPMI culture medium 
(Thermo Fisher Scientific, MA, USA) and kept at 37°C with 5% CO2 for the experiment.  
        Live cells images are recorded with a 20× air objective (Olympus) and GFP 
channel is used for monitoring the Fluo-4 fluorescent signal. Raw values of 
fluorescence intensity are background corrected by subtracting with the averaged 
background intensity and are normalized to the intensity value detected in each cell 
after adding ionomycin (Sigma-Aldrich, MO, USA) solution at a concentration of 1 µM. 
Ionomycin opens the internal channels for transporting Ca2+ across the intracellular 
membranes to release all the Ca2+ stored in the organelles to the cytoplasm. The 
microscopy camera recording rate is 12 frames per min.  
 
 
4.3 Results and discussions 
4.3.1 pCasL accumulation on various patterns 
        CasL has been found to be a type of force sensing protein, linking TCR to the 
underlying actin network [216]. To explore the sensitivity of CD4+ T cells to 
heterogeneous rigidity, PDMS substrates with patterned dot features with diameter 
ranging from 0.5 to 12 µm and stripe features are employed. The distribution of pCasL 
together with actin is characterized to determine the relationship between rigidity and 
protein distribution. For the following experiments, each quantification result is 
statistically calculated from 30 to 50 CD4+ T cells isolated from 3 individuals.   
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4.3.1.1 Spots with varying diameters 
        First, arrays of 2 µm spot features with 5 µm center-center spacing are tested. 
CD4+ T cells spread well on these surfaces (Figure 4. 1). From the fluorescent signal of 
actin and pCasL, these cells form adhesions preferentially on the patterned rigid spots. 




Figure 4. 1 Actin and pCasL stained CD4+ T cells spread on e-beam exposed PDMS surfaces with 
patterned spot features of 2 µm in diameter and 5 µm in center-center spacing. A) is the overlap 
image of bright field, fluorescent actin and pCasL proteins; B) is the image of the fluorescent actin 
signal; C) is the image of the fluorescent pCasL signal.    
This preferential accumulation is very sensitive to the feature diameter. 
Figure 4. 2 compares the distributions of actin and pCasL on 1 µm and 2 µm patterned 
spots with the same 5 µm separation. Despite the fact that cells spread well on both 1 
µm and 2 µm spot features, no obvious pCasL or actin accumulation is observed on 1 
µm patterned substrates. To quantify the protein accumulation on the rigid features, an 
accumulation ratio is defined by dividing the average of the fluorescent protein signal 
intensity on all rigid features within a cell to the average of protein intensity on the soft 
areas. The accumulation ratios for 30-50 cells are statistically analyzed for each 
condition and its dependence on feature diameter is shown in Figure 4. 3 with feature 
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diameter range from 0.5 to 4 µm while keeping the center-center spacing 2.5 times the 
spot size to ensure that the ratio of the rigid area to soft area is a constant. On 0.5 µm 
features, the ratio is calculated to be around 1, indicating that there is no pCasL 
accumulation difference between rigid and soft regions. The ratio increases with the 
increase of feature diameter until 2 µm, where the ratio reaches its maximum at ~1.3. 
Interestingly, with larger features, the ratio drops to ~1.1 on 4 µm features. Focusing on 
2 µm feature diameter, the center-center spacing is varied from 3 µm, 5 µm, 6 µm and 
8 µm, and similar quantification procedures are employed to show the dependence of 
the accumulation ratios to the feature separations (Figure 4. 4). Both proteins have their 
peak accumulation ratios on 5 µm spacing and the numbers decrease with 3 µm and 8 
µm spacings. These experiments not only suggest the 2 µm feature diameter/5 µm 
spacing may be an optimized set of parameters for the following experiment but also 
demonstrate that CD4+ T cells react preferentially on rigid micrometer scale features, 






Figure 4. 2 Comparison of protein distributions on 2 µm and 1 µm spot patterned PDMS surfaces. 
A) is the actin and pCasL distribution on 2 µm rigid spots; B) is the actin and pCasL distribution 
on 1 µm rigid spots.    
         
 
Figure 4. 3 Ratio of pCasL accumulation on rigid spots and soft unexposed regions in the cell 
spreading area on patterned PDMS substrates, as a function of spot size, ranging from 0.5 µm, 1 




Figure 4. 4 Ratio of protein accumulations on rigid spots and soft unexposed regions in the cell 
spreading area on patterned PDMS substrates. The patterned spots are 2 µm in diameter with a 
different center-center spacing, 3 µm, 5 µm, 6 µm and 8 µm. Blue is the ratio for actin accumulation 
and orange is the ratio for pCasL accumulation.  
 
4.3.1.2 Stripe features 
        In addition to the dot arrays, cells are also seeded on stripes with line width 
of 1 µm (Figure 4. 5) and 2 µm (Figure 4. 6), respectively. Cell are observed to be 
polarized along the rigid stripes on 2 µm stripes and the aspect ratios of the cells profile 
between the direction along rigid stripes and direction perpendicular to the stripes are 
quantitatively calculated. The aspect ratio of cells on 2 µm stripes is determined to be 
1.39±0.02, significantly larger than that on 1 µm stripes, which is only 1.01±0.02, 





Figure 4. 5 CD4+ T cells spread on 1 µm strip patterned PDMS. Green is presenting the fluorescent 




Figure 4. 6 CD4+ T cells spread on 2 µm strip patterned PDMS. Green is presenting the fluorescent 
pCasL distribution. 
 
Figure 4. 7 Aspect ratio the cell profile on 1 µm and 2 µm stripes respectively.  
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4.3.2 CD4+ activation on substrates with heterogeneous rigidity 
        Intracellular Ca2+ concentration is commonly used as an indicator of 
activation level for T cells. Before the activation, most intracellular Ca2+ ions are stored 
within the endoplasmic reticulum (ER), which releases Ca2+ to the cytosol upon 
activation within a short time period of the order of several minutes, resulting a 
significant peak of Ca2+ concentration. Then the concentration of Ca2+ in the cytosol 
gradually decreases to a stable value, which is considered to be the baseline level. The 
ratio between the peak and the baseline value is considered to represent the level of 
activation. The higher of the ratio, the higher efficiency of the activation is. Fluo-4 
calcium dye binds specifically to Ca2+ ions and is widely used to characterize the 
intracellular Ca2+ concentration.   
 
4.3.2.1 Ca2+ release during T-cell contacting and spreading on substrates 
        When CD4+ T cells contact the e-beam exposed PDMS substrates, TCR 
binds specifically to the coated OKT3, initiating the T-cell activation. Fluorescent 
images are captured every 5 seconds to record the changes of fluorescent Fluo-4 
intensity (Figure 4. 8). As soon as a cell contacts the substrate, which is counted as the 
“0 min,” the Fluo-4 intensity starts to increase and it reaches a maximum around 1.5 
min. Then the intensity gradually decreases and remains at a certain value, which is 
called “baseline.” The Fluo-4 intensity of a cell landing on patterned PDMS substrate 
with features diameter of 2 µm and center-center spacing of 5 µm is plotted against the 
time in Figure 4. 9 after subtracting the background and normalizing to the baseline. A 
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Figure 4. 8 An increase of Fluo-4 fluorescence intensity corresponding to Ca2+ released from 
intracellular stores after of the CD4+ T cell attaches the e-beam exposed PDMS substrate. It 
reaches the maximum value at 1.5 min and drops off afterwards to the baseline.  
 
Figure 4. 9 Fluo-4 intensity of a CD4+ T cell after attaching the surface of patterned PDMS 






4.3.2.2 Comparisons between substrates with homogeneous and heterogeneous 
rigidity 
Three types of substrates are employed to compare T-cell activation on 
homogeneous and heterogeneous substrates: soft planar PDMS without any patterning; 
rigid planar PDMS by large area exposure; and patterned rigid dot array on soft PDMS 
(Figure 4. 10). The base PDMS is mixed at a 60:1 ratio for all three types of substrates. 
The rigid planar PDMS and dot array substrates are exposed at the same dose of 4,000 
µC/cm2 to ensure that both e-beam exposed regions have the same stiffness (recall that 
the Monte Carlo simulation indicates that there is little lateral scattering of electrons in 
the polymer, making this a valid comparison). 
 
Figure 4. 10 Three types of substrates for Ca2+ release experiments: A) soft planar PDMS without 
any patterning; B) rigid planar PDMS by large area exposing; C) patterned rigid dot array on soft 
PDMS. B) and C) has the same dose of the e-beam exposure at 4,000 µC/cm2 
         
Cells are planted on these substrates and Ca2+ release experiments are 
repeated. The resulting Fluo-4 intensity profiles for the three substrates are plotted 
against time in Figure 4. 11 after the same background subtraction and normalization. 
The curves show similar trends with a peak between 1-2 min. Compared with the peak 
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value of cells seeded on soft planar substrate, cells on hard planar and dot array 
substrates demonstrate 1.5 and 3.62 times increased peak values respectively, 
suggesting that cells on patterned heterogeneous substrates induce the highest 
activation level (Figure 4. 12). These results suggest a possible application for this 
geometric structure (dot arrays of 2 µm in diameter and 5 µm in center-center spacing) 




Figure 4. 11 Fluo-4 intensity distribution on different substrates as a function of time after 
normalization: A) soft planar PDMS without any patterning; B) rigid planar PDMS by large area 
exposing; C) patterned rigid dot array on soft PDMS. B) and C) has the same dose of the e-beam 




Figure 4. 12 Comparison of Fluo-4 intensity peak on different substrates after normalization 
(assume “1” is the peak for unpatterned soft PDMS substrate): soft planar PDMS without any 
patterning; rigid planar PDMS by large area exposing; patterned rigid dot array on soft PDMS. 
The later two has the same dose of the e-beam exposure at 4,000 µC/cm2 
4.3.2.3 Ionomycin calibration  
        Ionomycin opens Ca2+ ion channels on the membranes, which leads to 
releasing all the stored Ca2+ (mainly in ER) to the cytosols. After the activation (Peak 
1), ionomycin is added to the cell culture in order to establish an inner reference, which 
creates a second peak (Peak 2) in the Fluo-4 intensity profiles (Figure 4. 13 and Figure 
4. 14). The peak value of activation is then calibrated with the total number of 
intracellular Ca2+ ions (Peak 2 value) to more precisely represent the activation level 
(Figure 4. 15). The Peak 1 values on three types of substrates are normalized to both the 
baseline value (as “0”) and the Peak 2 value (as “1”) and plotted in Figure 4. 15A for 
raw value and Figure 4. 15B for comparison with number on soft planar substrate 
considered to 1. After the calibration, CD 4+ T cells on hard planar and dot array 
substrates are 1.47 and 3.12 times more activated than those on soft planar substrate.       
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Figure 4. 13 Fluo-4 Fluo-4 fluorescence intensity corresponding to Ca2+ released from intracellular 
stores after of the CD4+ T cell attaches the e-beam exposed PDMS substrate. It reaches the 
maximum value Peak1 at 1.5 min and drops off afterwards to the baseline. Adding ionomysin to 
the cell solution at 6 min and the cell reaches a second maximum value Peak2 at 10 min. Then the 
intensity decreases.  
 
Figure 4. 14 Fluo-4 intensity of a CD4+ T cell after attaching the surface of patterned PDMS 
substrate, as a function of time. There is second peak value of intensity after adding ionomucin to 
the cells.  
 
Figure 4. 15 Ratio of Peak1 to Peak2 based on the normalization of baseline value on different 
substrates: unpatterned soft planar PDMS; large exposed area rigid PDMS and patterned mixed-
rigidity PDMS surface. The later two substrates have the same dose of the e-beam exposure at 
4,000 µC/cm2. A) is for raw value; B) is for normalized ratio (assume “1” is the immunoresponse 
level for unpatterned soft planar PDMS) 
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4.3.3 Colocalization of TCR-related proteins to the rigid substrates 
        After TCRs on the cell membrane of CD4+ cells are activated, they start to 
move centripetal towards each other and form clusters. Eventually all the TCRs are 
clustered into one structure with LFA-1 around it, which is called the immunological 
synapse with dimension in the order of several micrometers. The synapse is formed 
within minutes after the TCR is activated and the structure is maintained up to ~ 1 hour. 
TCR activation is considered to initiate the following signaling pathways of T-cell 
activation. The distribution of activated TCR on heterogeneous rigidity surface is 
characterized by staining pZap70 to uncover the mechanism of the rigidity sensing in 
the T-cell activation.     
 
4.3.3.1 TCR distribution on heterogeneous rigidity  
        Figure 4. 16 shows a CD4+ T cell with fluorescently labeled pZap70, actin 
and pCasL on patterned dot array substrate with diameter of 2 µm and center-center 
spacing of 5 µm. Activated TCRs (pZap70) are observed to accumulate on the 2 µm 
spots, as well as actin and pCasL and the three proteins are highly colocalized. The 
accumulation ratios of the three proteins are plotted as a function of the spot size in 
Figure 4. 17. Similar to actin and pCasL, activated TCR has a maximum accumulation 
ratio on 2 µm spot features and the number drops for both smaller and larger. In addition 
to the accumulation ratio, the area of cell spreading and the total and average 
concentration of activated TCR are calculated (Figure 4. 18). Plots show that on 
substrates with a diameter of 2 µm, the cell spreading area reaches its maximum 
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together with the total and average activated TCR compared to other spot sizes. 
Interestingly, the ratio between rigid area in a cell to the whole cell area reaches its 
minimum on 2 µm spot patterns (Figure 4. 19). In other words, the set of structural 
parameters with a spot diameter of 2 µm and center-center spacing of 5 µm may be the 
optimal geometric condition for CD4+ activation, which only requires minimum rigid 
area but can activate the cells at the highest level – meaning the highest efficiency.  
 
Figure 4. 16 A CD4+ T cell spreading on patterned PDMS substrate with spot arrays of 2 µm in 
diameter and 5 µm in center-center spacing. Fluorescent intensity of pZap70 (green), actin (red), 
pCasL (blue) and overlap of above signals are shown in the image.  
 
Figure 4. 17 Ratio of protein accumulations on rigid spots and soft unexposed regions in the cell 
spreading area on patterned PDMS substrates as a function of spot size. Blue is the ratio of 
activated TCR, orange is the ratio for actin and gray is the ratio of pCasL. 50 CD4+ T cells isolated 
from 3 individuals are quantified for each situation in the data analysis.  
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Figure 4. 18 Normalization of TCR total intensity in one cell (blue), cell area (orange) and TCR 
mean intensity for each cell (gray). 
 
 
Figure 4. 19 Normalization of TCR accumulation ratio (blue) between rigid and soft regions, cell 
area (orange), and ratio of rigid area and cell area (gray). 
When the spot size increases to 12 µm with 30 µm center-center spacing, 
cells are found to adhere only at the soft, inter-spot regions, rather than the rigid large 
spots (Figure 4. 20), which raising questions: both activated TCR and pCasL are found 
to preferentially accumulate on rigid spots, why the cells reaches maximum activation 
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on 2 µm/5 µm substrates instead of on rigid planar substrate? And why do T cells avoid 
adhering to the larger rigid spots? 
 
 
Figure 4. 20 CD4+ T cells spread on 12 µm rigid spot patterned PDMS substrate with 30 µm center-
center spacing. The image is overlapped by DIC, fluorescent actin, TCR and pCasL signals in 
ImageJ.  
 
4.3.3.2 Competition between cell spreading and TCR activation  
        The fact that the maximum of activated TCR accumulation, the maximum of 
intracellular Ca2+ concentration, the maximum of cell spreading area and the minimum 
of ratio between rigid and soft intracellular area show together on substrates with 2 µm 
/ 5 µm structural parameters suggests that both cell spreading and TCR activation are 
sensitive to rigidity and are involved in the process. To better understand the two 
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processes, planar PDMS substrates are employed as the simplified examples with 
different rigidity generated by changing the ratio of base polymer to crosslinker from 
10:1, 25:1, 50:1 to 60:1. The higher the ratio is, the softer the PDMS substrates are. 
Cover-glass are used as control samples, which have the highest rigidity.  
        First, cell spreading areas are measured on different substrates (Figure 4. 21). 
The spreading area increases when the substrates are softer, reaches maximum of 100 
µm on the softest substrate, where the cells are two times larger than those on the glass 
substrate, which is 3 orders of magnitude stiffer than the stiffest PDMS.          
Average cell density is also characterized (Figure 4. 22), where more cells are observed 
per unit area on softer substrates. Experiments from O’Connor et al also showed that 
CD4+ T cells live longer on softer PDMS substrates [84]. Therefore, it seems clear that 
softer PDMS substrates are beneficial for both cell spreading and cell proliferation of 
CD4+ T cell. However, when it comes to the distribution of proteins involved in TCR 
signaling, the trends are reversed (Figure 4. 23). The mean intensity of TCR, actin and 
pCasL decreases with the decrease of stiffness, suggesting that rigid substrates are 
favorable for TCR activation. The cover-glass is the hardest substrate so that it results 
in the highest protein recruitment.  
        From the results on planar substrate, we propose that with the heterogeneous 
rigidity, a competition between cell spreading and TCR activation regulates the 
activation with optimized condition of 2 µm/5 µm. CD4+ cells prefer to spread on 
features with lower stiffness and tend to avoid rigid areas completely if possible, which 
is evidenced by the cell distribution on the 12 µm/30 µm substrate. However, when the 
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spacing decreases until the cells cannot find a soft continuously soft region, it will cover 
one or more rigid spots but still try to minimize the ratio of stiff area to the soft area. 5 
µm spacing turns out to be the optimized spacing that allows the cells to not only spread 
well but to also cover one or several rigid dots. On the other hand, rigid spots are 
necessary to achieve a high TCR activation level, and there may exist a minimum value 
below which TCR clusters cannot maintain stable states. It is proposed that the 
threshold may be between 1-2 µm from the accumulation ratio experiments. Therefore, 
2 µm/5 µm appears to be the optimized condition which satisfy requirements for both 
cell spreading and TCR activation.  
 
 
Figure 4. 21 Cell area of CD4+ T cells on homogeneous rigidity substrates: cover-glass and PDMS 





Figure 4. 22 Cell number per unit area (100×100 µm2) on homogeneous rigidity substrates: cover-
glass and PDMS substrates with different stiffness, 10:1, 25:1, 50:1, 60:1. 
 
 
Figure 4. 23 Mean intensity of the proteins in the cell on homogeneous rigidity substrates: cover-
glass and PDMS substrates with different stiffness, 10:1, 25:1, 50:1, 60:1. Blue is indicating TCR 
mean intensity, orange is for the actin mean intensity and gray is for pCasL mean intensity. The 




4.3.3.3 Colocalization between TCR and adhesion proteins  
        The colocalization between TCR and other adhesion proteins is quantified by 
calculating the Pearson’s coefficient between different channels, which refers to the 
linear dependence between two variables in statistics. ImageJ is employed to process 
the distribution of pZap70, actin and pCasL obtained from the same cell (Figure 4. 24). 
        Pearson’s coefficients among TCR, actin and pCasL proteins on substrates 
with different stiffness are shown in Figure 4. 25. The colocalization levels all decrease 
with the decrease of substrate stiffness.  
 
 
Figure 4. 24 Colocalizaion of pZap70, actin and pCasL on planar PDMS surface with homogeneous 
rigidity. A) is the image of fluorescent pZap70 in one cell; B) is the image of fluorescent actin in one 
cell; C) is the image of fluorescent pCasL in one cell; D) is Pearson’s Coefficient of TCR and actin; 
E) is Pearson’s Coefficient of TCR and pCasL; F) is Pearson’s Coefficient of pCasL and actin.   
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Figure 4. 25 Colocalization between TCR, actin, pCasL and PLCγ-1 on different substrates:  
cover-glass, planar PDMS surface with different rigidity (10:1, 25:1, 50:1, 60:1). Blue is Pearson’s 
Coefficient for TCR/actin; Orange is Pearson’s Coefficient for TCR/pCasL; Gray is Pearson’s 
Coefficient for actin/pCasL; Yellow is Pearson’s Coefficient for TCR/PLCγ-1.  
 
4.3.3.4 Signaling pathways of T-cell activation on heterogeneous substrates 
        After TCR is activated, there are two cascading pathways which regulate the 
activation of CD4+ T cell (Figure 4. 26). In one pathway, TCR initiates the 
phosphorylation of lymphocyte-specific protein tyrosine kinase (LCK), which 
subsequently recruits Wiskott–Aldrich Syndrome protein (WASp), F-actin, pCasL and 
finally stimulates LFA-1 on the cell membrane to form adhesions on the surface and 
induce spreading. The recruited F-actin increases the clustering of TCR, thus creating 
a positive feedback loop between TCR, pCasL and F-actin. In the second pathway, the 
phosphorylation of LCK subsequently leads to the phosphorylation of Zap70, PLCγ-1 
and finally to Ca2+ release to the cytosol. And the increasing amount of Ca2+ will result 
in the addition of more F-actin. In order to determine which pathway is involved in the 
rigidity response on e-beam patterned PDMS substrates, cytochalasin D is added to 
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block the polymerization of actin. The pPLCγ-1 is fluorescently labelled to further 
elucidate the mechanism.   
 
Figure 4. 26 Two triggering pathways of TCR activation 
 
4.3.3.4.1 Inhibition of actin polymerization 
        Cytochalasin D is a member of mycotoxins which inhibit actin 
polymerization. The accumulation of pZap70, pCasL and actin on rigid 2 µm spot is 
compared on PDMS substrates with and without cytochalasin D (Figure 4. 27), and the 
dependence of accumulation ratio on feature diameter is calculated and plotted in Figure 
4. 28. It can be clearly observed that the accumulation ratios of pZap70, pCasL with 
cytochalasin D significantly decrease from those without the inhibitor but still present 
peaks on 2 µm spots, which indicates that the polymerization of actin is a crucial 
process in the triggering pathway of CD4+ T-cell activation.  
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Figure 4. 27 CD4+ t cells spreading on 2 µm rigid spot. A) is a control, without cytochalasin D and 
B) is adding with cytochalasin D. The cells lose the reinforced pZap70 (green), actin (red) and 
pCasL (blue) accumulation on rigid spots after adding cytochalasin D.  
 
 
Figure 4. 28 Ratio of protein accumulations on rigid spots and soft unexposed regions in the cell 
spreading area on patterned PDMS substrates as a function of spot size. Blue is the ratio of TCR, 
red is the ratio for actin and green is the ratio of pCasL. Dash lines are the experiment with 
cytochalasin D for 10 min after cell spreading on patterned PDMS surface for 35 min. Full lines 
are the control experiments without cytochalasin D.  
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4.3.3.4.2 pPLCγ-1 recruitment on heterogeneous rigidity substrates 
        Phosphorylation of PLCγ-1 is an indispensable step in the second pathway of 
T-cell activation, which links the TCR activation to the releasing of Ca2+ ion. CD4+ T 
cells are placed on e-beam exposed PDMS substrates with 2 µm/5 µm spot arrays and 
fixed at 15 min, 25 min to 45 min.  
        First, the cell area is measured for different spreading times in Figure 4. 29. 
There is an increase in cell area when the spreading time lasts longer. At the same time, 
the mean intensity of activated TCR, actin and pPLCγ-1 in individual cells is also 
measured. Figure 4. 30 shows there is no major difference in the mean intensity of 
activated TCR, actin and pPLCγ-1, indicating that the mean intensity of these proteins 
does not change with the time. Thus, the total intensity is increased only because of the 
increase in cell spreading area (Figure 4. 31). In addition, the total intensity of these 
proteins on the patterned substrates is higher than those on soft planar PDMS surfaces, 
presented in Figure 4. 31. 
 
 
Figure 4. 29 Cell spreading area on 2 µm spot patterned PDMS substrates as a function of 




Figure 4. 30 Mean intensity of proteins on 2 µm spot patterned PDMS substrates as a function of 
cell spreading time, from 15, 25 to 45 min. Blue is mean intensity for TCR; Orange is mean intensity 
for actin; Gray is mean intensity for pPLCγ-1. The intensity results are normalization processed. 
 
 
Figure 4. 31 Total intensity of TCR (blue), actin (red) and pPLCγ-1 (green) on 2 µm spot patterned 
PDMS substrates as a function of cell spreading time, from 15, 25 to 45 min. Full lines are for the 
cells spreading on pattern features while dash lines are for cells on the soft planar PDMS surface 
on the same substrates. The intensity results are normalization processed.  
         The mean and total intensities of pPLCγ-1 on soft planar, rigid planar and 
patterned substrates are shown in Figure 4. 32 and Figure 4. 33. Both the mean and total 
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intensity of pPLCγ-1 have the highest values on mixed rigidity substrates - larger than 
that on either rigid surfaces or softer surfaces, consistent with the Ca2+ release 
experiments. This is direct evidence that the second triggering signaling pathway of 
TCR activation is involved in the rigidity response of T-cell activation. 
 
Figure 4. 32 Mean intensity (after normalization) of TCR (blue), actin (orange) and pPLCγ-1 (gray) 
in CD4+ T cells on different substrates: unpatterned soft PDMS (60:1), patterned PDMS (60:1) 
and cover-glass. Cells are spreading for 15 min.  
 
Figure 4. 33 Total intensity (after normalization) of TCR (blue), actin (orange) and pPLCγ-1 (gray) 
in CD4+ T cells on different substrates: unpatterned soft PDMS (60:1), patterned PDMS (60:1) 
and cover-glass. Cells are spreading for 15 min.  
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4.3.4 Phosphorylation of myosin II in rigidity sensing 
In adhesion cells, the environment rigidity is sensed through interactions 
between integrins, focal adhesions, actin and the force generating protein myosin II. 
The force, generated by the stepwise movement of myosin II, is transduced through 
actin and the focal adhesions through to the extracellular environment. The magnitude 
of the force is determined by the stiffness of substrates to recruit more or less adhesion 
proteins in the focal adhesions. Although there are no focal adhesions in CD4+ T cell 
and the mechanism for rigidity sensing in adhesion cells cannot be completely 
employed in the case of CD4+ T cells, myosin II is still hypothesized to be involved in 
the CD4+ T cell rigidity sensing and functions also as the force generator. This 
hypothesis is verified on our fabricated devices. 
The distribution of phosphorylated myosin II has been characterized on e-
beam exposed PDMS substrates with heterogeneous rigidity as a function of spot size 
(Figure 4. 34). The accumulation trend of myosin II is the same as that of TCR, actin 
and pCasL, namely that the accumulation ratio increases with the increase of spot size 
until reaching its highest value at 2 µm; afterwards, the ratio is reduced with the increase 
of spot diameter.  
     Aside from the same dependence on feature diameter, blebbistatin, a potent 
and highly selective inhibitor for myosin II, is added to the cell medium 25 min after 
cells are seeded on patterned PDMS surface. The cells are incubated with blebbistatin 
for additional 20 min before washing with PBS and the fixation. After inhibiting myosin 
II, neither pCasL nor actin shows a high accumulation ratio and preferential 
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accumulation on rigid dots on 2 µm/5 µm dot arrays (Figure 4. 35). These results suggest 
that between myosin II, actin and pCasL in CD4+ T cell there may exist similar 
interactions and mechanisms that senses the rigidity of substrate to regulate signals in 
the T-cell activation pathway.   
 
Figure 4. 34 Ratio of protein accumulations on rigid spots and soft unexposed regions in the cell 
spreading area on patterned PDMS substrates as a function of spot size. Blue is the ratio of TCR, 
orange is the ratio for actin, gray is the ratio of pCasL and yellow is for the ratio of pMyosin Π. 
 
Figure 4. 35 Actin and pCasL accumulation ratio on rigid and soft areas in 2 µm spot patterned 
PDMS substrates with and without blebbistatin adding. 
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4.4 Conclusions  
        In summary, CD4+ cells are sensitive to heterogeneous rigidity. The 
mechanical sensing protein pCasL, pZap70 that represents TCR activation and actin are 
observed to preferentially accumulate on micrometer scale rigid features created by the 
e-beam exposure. Their accumulation ratios are analyzed and are largely dependent on 
both the feature diameter and spacing. The temporal profiles of Ca2+ concentration 
during the CD4+ cells contacting and spreading on both homogeneous and 
heterogeneous substrates are recorded and it is discovered that cells on substrates with 
mixed stiffness have the highest activation level with 2 µm/5µm as the optimized 
condition. This geometrical configuration could potentially be used to enhance the 
efficiency in adoptive immunotherapy. A competition model between cell spreading and 
TCR-regulated activation is proposed to explain the existence of the optimal conditions, 
and the rigidity sensing mechanism may involve multiple pathways together with 










Chapter 5 Exploration of breast cancer cell invasion on 
mixed-rigidity surface 
 
5.1 Introduction  
        The ability of a cell to sense and respond to its local microenvironment is 
significant in both normal tissue development and evolution of disease [32, 37]. 
Irregular rigidity of the microenvironment, especially a local increase in rigidity, may 
be involved in the development of cancer [31, 204, 217]. Cancer cells usually actively 
influence their environment accompanied by matrix stiffening promoting invasion into 
surrounding tissues [204, 218, 219]. McGrail et al studied how different cancer cells 
respond to various stiffness environments [220]. They chose breast cancer cells and 
ovarian cancer cells, compares their proliferation rate, viability and velocity on soft 
(similar to fatty tissue), hard (similar to bone) and glass substrates [220]. These two cell 
lines function best on opposite matrix rigidities. For all indicators, breast cancer cells 
prefer the hardest glass while the ovarian cells prefer the softest gel [220]. Different 
cancer cell lines have a strong response to different rigidities. It is vital to investigate 
how the rigidity regulate cancer cell behaviors and explore the factors that influence the 
cell invasion.   
Our collaborators, the Kaufman group from Columbia University, have been 
studying two breast cancer lines culturing in 3-D collagen matrix gel environments, 
MDA-MB-231 (MB231) and MDA-MB-468 (MB468). Both cell lines are triple 
negative, metastasized and derived from human breast cancers. Interestingly, they 
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found that MB468 breast cancer cells have a lower expression level of integrins β1 than 
MB231, which might make a difference in how they respond to rigidity. Integrins play 
an important role in cancer metastasis [221-225]; its signaling is capable of 
reprogramming tumor cells to promote invasion [226-228]. 
        In the breast cancer cell invasion experiments of MB231 and MB468, the 
Kaufman group place both cell lines into a 3-D collagen matrix (the concentration is 
1mg/ml) and culture them for 24 hours. They found that MB468 breast cancer cells are 
much more invasive, indicative of metastasis, than MB231 inside the 3-D matrix, 
despite having much lower integrin levels than the most aggressive MB231 (Figure 5. 
1). There are two environmental factors that dominate the cells invasion in this case, 
matrix stiffness and collagen mesh size. However, they cannot control these two factors 
independently because stiffer hydrogel usually has more collagens and lead to a smaller 
mesh size. In order to separate these factors, e-beam exposed PDMS surfaces with 
heterogeneous rigidity are employed to study the invasion of these breast cancer cell 
lines, where the pattern stiffness and feature size can be freely tuned independently. 
Through the investigation the invasion of MB231 and MB468 on the patterned 2-D 
substrate and comparison to the 3-D hydrogel cases, one would like to explore possible 
invasion mechanism of the two breast cancer cell lines and finally shed light on possible 
therapies to prevent breast cancer metastasis.  
107 
 
Figure 5. 1 Cell invasion of MB231 and MB446 in 3-D collagen matrix for 24 hours. A) is the cell 
invasion range for MB231; B) is the cell invasion range for MB468; C) is the 3-D collagen matrix 
at a concentration of 1 mg/ml.   
 
 
5.2 Experiment and methods 
        Breast cancer cell MB231 is not used beyond passage 20 and MB468 is not 
used beyond passage 17. For the integrin staining, cells at a concentration of 10,000/ml 
are fixed in formalin phosphate, washed with PBS, and then blocked with 20% (v/v) 
donkey serum in PBS for 1 hour at RT. After blocking, they are incubated with mouse 
anti human primary integrin β1 antibody (Beckman Coulter, IN, USA) at a 1:200 
dilution (in PBS with 1% BSA) overnight at 4°C. The following day, cells are again 
washed with PBS and incubated with goat anti mouse secondary antibody with 
polyclonal IgG1 FITC conjugate (Abcam, MA, USA) for 3 hours in the dark at RT at a 
1:200 dilution (in PBS with 1% BSA). After a final wash with PBS the coverslips are 
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mounted on slides. For paxillin staining, once fixed, the samples are washed with PBS. 
Samples are permeabilized with buffered 0.5% Triton X-100 (10.3 g sucrose, 0.292 g 
NaCl, 0.06 g MgCl2, 0.476 g (4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid) 
(HEPES), 0.5 ml Triton X-100, in 100 ml water, pH 7.2) at 4°C for 5 min. Nonspecific 
binding sites are blocked with 1% bovine serum albumin (BSA) in PBS at 37°C for 15 
min and subsequently incubated for 2 hours with anti-paxillin monoclonal anti-human 
IgG raised in mouse, (1:200, (B.D Biosciences, Sparks, MD). Nonspecific charges (e.g. 
remaining aldehyde) are neutralized with 0.5% Tween 20/PBS (3×5 min) to minimize 
background labeling. A secondary, fluorescein isothiocyanate conjugated antibody is 
added, in 1% BSA/PBS, (1:50, Vector Laboratories, Burlingame, CA) 4°C for 1 hour 
and simultaneously, rhodamine-conjugated phalloidin is added for the duration of this 
incubation (1:50, Molecular Probes, OR). Substrates are given a final wash in PBS. 
Imaging are recorded on an LSM 700 scanning laser confocal microscope with an 
argon-ion laser (wavelengths 405; 488; 555; 639 nm) fitted with a Zeiss 100× α-PLAN 




5.3 Results and discussions  
        At first, patterned substrate with no collagen coating are employed to study 
the two breast cancer cell lines. MB231 appears to form adhesions on non-collagen 
coated PDMS surfaces, however, MB468 cannot spread on this type of surface. After 
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obtaining the optimized coating condition of collagen, both cell lines can spread well 
on the patterned substrates, and they show a diverse response to the patterns. In the 
following study, PDMS (50:1) is patterned by e-beam exposure at a dose of 4,000 
µC/cm2 to produce rigid dot arrays with 2.5-time ratio of the center-center spacing to 
the feature diameter, which varies from 0.5 µm to 8 µm.   
 
5.3.1 MB231 cellular response 
        MB231 breast cancer cells express more integrin than MB 468, therefore it is 
chosen to test first on the pattern substrate with heterogeneous rigidity. MB231 cells 
are cultured on the substrate and are fixed and stained actin, integrin β1 and paxillin 
following methods described previously. On surfaces without collagen, integrin β1, 
actin and paxillin are observed to preferentially accumulate on the stiff spots (Figure 5. 
2 and Figure 5. 3). The accumulation ratio of proteins on the rigid spots is defined similar 
to that in the case of T cells, and the relationship between the accumulation ratio and 
structural parameters is explored. Also, the cell incubation time is changed between 3 
hours and 5 hours for a better accumulation ratio. The quantification of results of 
integrin accumulation are summarized in Figure 5. 4, where the accumulation ratio 
reaches a maximum with the structural parameter of 2 µm/5 µm for both incubation 
times. The ratio after 3-hour incubation is higher than that after 5-hour incubation.  
    When having a uniform layer of collagen, MB231 also shows considerable 
accumulation of integrins on rigid features (Figure 5. 5). Figure 5. 6 shows the 
quantification of integrin accumulation as a function of incubation time from 30 min to 
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3 hours. At 60 min, the accumulation ratio reaches its maximum. The feature diameter 
dependence of the integrin’s accumulation ratio is quantified in Figure 5. 7. The 
maximum is reached with feature diameter of 6 µm and it decreases with the decrease 
of feature diameter until at 0.5 µm, the accumulation ratio is almost 1, meaning the 
protein shows no preferential towards either rigid or soft regions.  
 
Figure 5. 2 A MB231 breast cancer cell spreading for 3 hours on heterogeneous rigidity surface 
with dot arrays of 2 µm in diameter and 5 µm in center-center spacing without collagen coating. 
Fluorescent labeled integrin α2β1 is shown in green.  
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Figure 5. 3 A MB231 breast cancer cell spreading for 4 hours on heterogeneous rigidity surface 
with dot arrays of 2 µm in diameter and 5 µm in center-center spacing without collagen coating. 




Figure 5. 4 MB231 integrin accumulation ratio between rigid and soft area in the cells as a function 
of spot size, from 1 µm to 2 µm, and center-center spacing, from 2.5 µm, 5 µm to 8 µm. A) is 
spreading time for 3 hours without collagen coating; B) is spreading time for 5 hours without 
collagen coating. 
 
Figure 5. 5 A MB231 breast cancer cell spreading for 1 hours on heterogeneous rigidity surface 
with dot arrays of 2 µm in diameter and 5 µm in center-center spacing with collagen coating. 
Fluorescent labeled integrin α2β1 is shown in green. 
113 
 
Figure 5. 6 Integrin α2β1 accumulation ratio of MB231 between rigid and soft area in individual 
cell on heterogeneous rigidity surface as a function of spreading time, from 30 min to 180 min.  
 
Figure 5. 7 Integrin α2β1 accumulation ratio of MB231 between rigid and soft area in individual 
cell on heterogeneous rigidity surface as a function of spot size, from 0.5 µm to 8 µm. 
 
5.3.2 Comparison between MB231 and MB468 
        Breast cancer cell MB468, naturally having fewer integrins than MB231, 
only spread well on the collagen coated PDMS substrates with heterogeneous rigidity 
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(Figure 5. 8). Despite having less integrin, its integrin accumulation ratio is larger than 
that of MB468. In addition, the accumulation ratio is more sensitive to feature size. The 
results for integrin accumulation for both MB231 and MB468 as a function of spot size 
are presented in Figure 5. 9. The curve for MB468 is above that for MB231 on every 
data point and the maximum of accumulation ratio is reached at 4 µm for MB468 and 
6 µm for MB231. It is proposed that having high sensitivity to rigid features may be the 
reason why MB468 is more invasive than MB231 in 3-D collagen matrix.  
 
Figure 5. 8 A MB231 and a MM468 breast cancer cell spreading for 1 hours on heterogeneous 
rigidity surface with dot arrays of 2 µm in diameter and 5 µm in center-center spacing with collagen 
coating. Fluorescent labeled integrin α2β1 is shown in green. A) is for MB231; B) is for MB468. 
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Figure 5. 9 Integrin α2β1 accumulation ratio of MB231 and MB468 respectively between rigid and 
















5.4 Conclusions  
        PDMS devices with heterogeneous rigidity are employed to study the 
invasion of breast cancer cells, MB 231 and MB468. The accumulation of adhesive 
proteins, including integrin, paxillin and actin, are characterized and the feature size 
dependence of the accumulation ratio of integrin is investigated. It is shown that, 
although MB 468 express less integrin, it is more sensitive to the rigid features 
evidenced by having higher accumulation ratio and more sensitive feature diameter 
dependence. The results on the 2-D surface may provide clues to explain the invasive 
behaviors of the two cell lines in the 3-D hydrogel matrix, resulting in a better 
understanding of breast cancer cell metastasis. Also, it demonstrates that this PDMS 
device with heterogeneous rigidity are an ideal platform that allow one to flexibly and 
independently tune structural parameters together with stiffness to explore cellular 











Chapter 6 Conclusions 
         
This study has been motivated by one central question: How do cells sense 
and interact with substrates with heterogeneous rigidity. Rigidity sensing has been 
found to play important roles in regulating a variety of cellular behaviors, especially 
those related to focal adhesions. Scientifically, elucidating of the question would not 
only promote our understanding on the mechanism of cellular response to its 
microenvironment but would also shed light on the process of tissue development and 
the evaluation of diseases. From an engineering point of view, new cell modulation and 
tissue engineering strategies can be developed and new therapies can be initiated by 
pursuing the answers.   
    In order to explore this question, a new device fabrication technique has been 
developed to fabricate biomimic devices with heterogeneous rigidity. A PDMS 
substrate is exposed with focused electron beam to selectively initiate crosslinking on 
the exposed area. This exposure results in areas with increased rigidity, which can be 
tuned by the dose across 2 orders of magnitudes. The fabricated substrates have nearly 
planar topography together with uniform protein coatings, which minimizes the 
influence of parameters other than rigidity. The feature size can be controlled from the 
nanometer to the micrometer scale, and the feature shape and spacing can be freely 
adjusted. This novel device provides an ideal platform for the following cell experiment 
in this thesis.  
Rigidity response in the stem cells is studied on the fabricated devices. MSCs 
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are cultured on the e-beam exposed PDMS substrates that mimic the heterogeneous 
rigidity environments a stem cell would encounter in vivo. The rigidity and structural 
parameters of the patterned substrates are rationally tuned and it is discovered that 
MSCs can recognize micrometer scale individual features that are stiffer than the 
surrounding matrix by forming punctate focal adhesions only on discrete rigid spots. 
For features less than 1 µm, instead of localizing on one spot, focal adhesions of MSCs 
tend to bridges multiple nanometer scale spots by having local paxillin accumulation 
over several spots. Our results suggest that rigidity mediated adhesion is regulated by 
the same machinery that governs focal adhesion assembly and reinforcement and that 
this machinery is capable of recognizing localized discrepancies in matrix rigidity. The 
results also suggest that the minimum rigidity sensing length scale lies between 500 nm 
to 1 µm.  
The role of rigidity sensing in CD4+ cell activation is also investigated on the 
developed PDMS based platform. Mechanical sensing protein pCasL is observed to 
colocalize with the rigid regions when the critical feature dimensions are larger than 1 
µm. The intracellular Ca2+ concentrations are monitored to represent the activation level 
when CD4+ cells contact and spread on dot arrays with different feature diameter and 
spacing. The set of geometrical parameters with spot diameter of 2 µm and center-center 
spacing of 5 µm has been determined to be the optimized condition to activate CD4+ 
at the highest level, even larger than planar rigid substrates. TCR, pCasL and actin are 
found to preferentially accumulate on the rigid spots and their accumulation ratios reach 
the maximums on substrate with the 2 µm/5 µm structural parameters. To explain the 
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phenomena, a model that involves the competition of T cell spreading and TCR-related 
activation has been proposed. Also, possible activation pathways involved in rigidity 
sensing are discussed, involving selectively inhibiting a signaling protein in the 
regulation pathway. It is suggested that the rigidity sensing mechanism of CD4+ T cells 
may employ interactions between TCR, adhesion proteins (including pCasL), actin and 
myosin II, which are similar to the rigidity sensing mechanism in adhesion cells. 
Lastly, the responses of breast cancer cell MB231 and MB468 to the 
substrates with heterogeneous rigidity are studied to uncover clues for understanding 
the invasion of cancer cell. Although MB 468 cells express less integrin and can only 
interact with substrates coated with collagen, they demonstrated higher sensitivity on 
micrometer scale rigid spots, evidenced by the higher accumulation ratio and more 
sensitive feature diameter dependent. The results on our semi-2D substrates provide 
support to the work done in 3-D hydrogel matrix, where MB468 cells are found to be 
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